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This thesis focuses on the development and characterisation of advanced surface 
textures for aluminium-doped zinc oxide (AZO) transparent conductive oxides (TCOs) 
for application in superstrate thin-film solar cells. A good TCO surface texture is 
needed in order to enhance the photon absorption and thus improve the solar cell 
efficiency. One of the most promising TCO materials is AZO, which has several 
advantages such as low cost, stability against a hydrogen plasma, and easy post-
deposition texturing by wet-chemical etching compared with the traditionally used 
TCO material (e.g., ITO: tin-doped indium oxide, FTO: fluorine-doped tin oxide). 
In this work, AZO films were prepared on planar soda-lime glass sheets by magnetron 
sputtering. After deposition, these sputtered AZO films were surface etched using one 
of several texturing procedures, including single-step, two-step, and mixture etching 
based on diluted solutions of hydrofluoric (HF) acid and hydrochloric (HCl) acid. 
Compared to the conventional HCl single-step texturing method, the developed two-
step texturing procedure combines the advantages of HCl-induced craters and smaller-
but-jagged features created by HF etching, which leads to enhanced light scattering 
capabilities with a visible haze value of up to 70%. To better understand the etching 
process, AZO films with different initial layer thicknesses (500, 700 and 900 nm) were 
prepared and investigated with respect to the thickness effect on the material and 
surface texturing properties. It was found that the AZO layer must be above 700 nm 
thick to achieve both good electrical conductance (Rsh < 10 Ω/sq) and optical scattering 
(visible haze > 30%), as required for the fabrication of high-efficiency superstrate thin-
film solar cells. 
To further reduce the resistive loss, bilayer TCO structures consisting of ITO and ZnO 
(intrinsic or Al-doped) were proposed and analysed. Within the bilayer TCO structure, 
the ITO layer mainly works as the electrical layer to provide sufficient electrical 
 viii 
 
conductance while the textured ZnO top layer acts as the optical layer for light 
scattering. Compared to single-layer AZO films, the developed bilayer TCO shows 
improved electrical conductance (~30% higher) while providing a wider process 
window for texturisation. The improved electrical properties may reduce the resistive 
losses in the front TCO electrode by about 10–20% at the device level for thin-film 
silicon solar cells. 
The opto-electronic effects of the front AZO textures on solar cell devices were studied 
based on optical modelling and electrical device simulations. Four different AZO 
textures (as-grown, HF textured, HCl textured, and two-step textured) were 
investigated in terms of the effects on the optical absorption and electrical 
characteristics of amorphous silicon (a-Si:H) solar cells. The theoretical studies showed 
that a better surface texture helps to further enhance the photon absorption across the 
solar spectrum. The two-step textured AZO film causes ~90% of the visible light to 
propagate into the a-Si:H layer, whereby nearly all of the light is strongly scattered at 
the AZO/a-Si:H interface. Compared to solar cells with as-grown textures, this 
increases the simulated short-circuit current density (Jsc) from 12.6 to 16.5 mA/cm2, 
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Chapter 1 Introduction 
1.1 Photovoltaic (PV) solar electricity 
Modern energy generation relies heavily on coal, oil and natural gas. These fossil fuels 
are non-renewable finite sources that will eventually be depleted. In addition, the 
extraction and combustion of fossil fuels has significant health and environmental 
impacts. Under such circumstances, the energy production should gradually shift 
towards clean and sustainable sources, including renewable energy. Renewable energy 
can generate electricity and/or heat from certain types of natural resources that will not 
run out in the foreseeable future, such as sunlight, wind, biomass, hydroelectric and 
geothermal energy. 
Currently, renewable energies account for about 23% of the world’s annual electricity 
production [1], with the largest shares coming from two sources [2]: Hydropower 
provided about 16% of the world's electricity (estimated 3900 TWh of electricity in 
2014), while traditional biomass generated approximately 405 TWh of electricity in 
2013 [1-3]. The shares of both solar and wind power are presently still small (~0.9% 
and ~3.1% at the end of 2014, respectively , however, the annual global deployments 
of these two technologies are growing rapidly and thus both will gain major importance 
in the coming decades [1]. 
With regard to the solar power, one important approach to directly convert solar energy 
into electricity is through the photovoltaic (PV) effect, which was discovered by A.E. 
Becquerel in 1839 [4]. He found that certain materials would generate small amounts 
of electric current when exposed to light. However, considerable progress was not 
made until the first silicon (Si) solar cells (efficiencies of < 1%) were fabricated by R. 
Ohl in 1941 at Bell Laboratories [5]. By 1954, Chapin et al. at Bell Labs had improved 
the efficiency to 6%, using a diffused p-n junction [6]. The energy crisis of the 1970s 
saw the beginning of major interest in terrestrial PV technologies. Different types of 
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solar cells have been developed since then, including wafer-based silicon and thin-film 
based solar cells of several types. During the past several decades, solar PV has made 
significant progress towards becoming one of the most promising renewable sources 
of electricity [3]. The average annual growth rate of the solar PV market since the 1980s 
has been around 30%. The cumulative installed capacity of PV systems was around 
138 GWp in 2013 [7], reached 178 GWp in 2014 [8] and has exceeded the 200 GWp 
milestone in 2015. As estimated by the International Energy Agency (IEA), the PV 
industry will continue to grow rapidly in the coming years, and the predicated 
cumulative installed PV system capacity will increase to over 440 GWp by 2020 [9]. 
One driving force behind this remarkable growth rate is the continuous reduction in the 
price of PV modules (typically in $/Wp). Figure 1.1 indicates the relationship between 
the cumulative global PV production and the module price (inflation adjusted €/Wp) 
over the last three decades. Thin-film based PV technologies show a potential for lower 
production cost compared to competing PV technologies, such as monocrystalline 
silicon (mono-Si) and multicrystalline silicon (multi-Si) wafer solar cells. 
 
Fig. 1.1. Cumulative PV production and inflation adjusted module price (€/Wp) for all 
PV technologies, and specified for mono-Si, multi-Si (including ribbon-Si) and thin-
film based technologies. Data taken from Ref. [10]. 
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In terms of market share, today’s PV market (2013) is mainly dominated by wafer-
based crystalline Si (c-Si) solar cells (about 90%), with thin-film based technologies 
taking around 10%, according to GTM Research, see Fig. 1.2 [11]. Roughly three-
fourths of c-Si production is based on multi-Si wafers while the thin-film technologies 
can be further classified into three segments: cadmium telluride (CdTe, market share: 
4.1%), copper indium gallium (di)selenide (CIGS, market share: 3.2%) and silicon 
thin-film varieties (e.g., a-Si:H/μc-Si:H tandem, market share: 3.1%). Compared to 
other technologies, thin-film Si solar cells have numerous advantages such as (i) 
abundant and non-toxic raw materials [12], (ii) industrially mature technology, (iii) low 
manufacturing cost and lower energy pay-back time [13], (iv) versatile modules on 
both rigid and flexible substrates [14], and (v) aesthetic appearance suited for building-
integrated photovoltaics (BIPV) applications [15]. One main drawback of thin-film Si 
solar cells is their lower power conversion efficiency (e.g., ~7–10% for commercial 
modules) compared to the dominant c-Si based technologies (e.g., ~15–21% module 
efficiency). 
 
Fig. 1.2. Global PV module production categorised by technology in 2013. Data taken 
from GTM Research in Ref. [11]. 
1.2 Thin-film Si solar cells 
The concept of thin-film Si solar cells is mainly based on hydrogenated amorphous Si 
(a-Si:H), microcrystalline Si (μc-Si:H) and related alloys. The R&D history of thin-
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film Si techniques dates back to as early as the 1960s. Hydrogenated amorphous Si was 
first reported by Chittick et al. by decomposing silane (SiH4) gas in 1969 [16], while 
microcrystalline Si was first deposited by Vepřek et al. using chemical hydrogen 
plasma transport in 1968 [17]. The development of plasma-enhanced chemical vapour 
deposition (PECVD) methods helped the industrial production and accelerated the 
technical progresses of a-Si:H solar cells in the 1980s [18]. To better utilise the solar 
spectrum, and thus obtain better device performance, the first double-junction 
a-Si:H/μc-Si:H (micromorph) solar cell was demonstrated in 1996, based on the very 
high frequency glow discharge (VHF-GD) method, by Meier et al. at Institut de 
Microtechnique (IMT) Neuchâtel [19]. Since then, various multi-junction based thin-
film Si solar cell devices have been extensively investigated in both laboratory and 
industrial-scale, and widely applied in commercial modules [20-23]. 
In terms of the material properties, amorphous Si materials have some short-range 
order in their structure, but lack long-range order characteristic of a crystal. Due to the 
amorphous network, a-Si:H is much more defective than c-Si and greatly suffers from 
light-induced degradation (LID), the so-called Staebler-Wronski effect (SWE) [24]. 
The exact mechanism of this degradation phenomenon is still under debate [25]. 
Compared to c-Si, the charge carrier mobilities in a-Si:H are about two orders of 
magnitude lower. Typically, at room temperature, the electron mobility is around 10 
cm2/Vs and the hole mobility around 1 cm2/Vs in intrinsic a-Si:H thin films. To 
improve the electrical device properties, hydrogen is usually incorporated to passivate 
the dangling bond defects of amorphous Si. In contrast, microcrystalline Si is a mixed-
phase material composed of columnar crystallites embedded in an amorphous matrix. 
Due to the presence of the Si crystallites, μc-Si:H has a higher electron mobility and a 
much less severe light-induced degradation issue compared to a-Si:H. 
With regard to the device structure, thin-film Si based solar cells are generally prepared 
in either the superstrate (p-i-n) configuration or the substrate (n-i-p) configuration, as 
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shown in Fig. 1.3. The type of configuration reflects the deposition sequence of the 
solar cell layers. In the superstrate configuration, the deposition starts with the front 
transparent conductive oxide (TCO) electrode, followed by p-i-n active layers (a 
combination of positively-doped, intrinsic, and negatively-doped Si), and ends with the 
rear TCO contact and the metallic back reflector (e.g., Al or Ag). During operation, 
light enters through the superstrate (e.g., glass). In contrast, in the substrate 
configuration, the deposition proceeds in the reverse sequence, with the front TCO 
contact deposited as the final fabrication step. In this configuration, light enters through 
the last deposited layer (i.e., through the front TCO electrode) into the n-i-p active 
layers. It should be noted that the p-layer of amorphous (and microcrystalline) silicon 
solar cells is always facing the sun, due to the lower mobility of holes compared with 
electrons and the shape of the photogeneration profile (which peaks close to the 
illuminated cell surface). The substrate can either be a rigid glass sheet, a stainless steel 
foil, or a flexible material like polyethylene terephthalate (PET). However, the use of 
a plastic substrate generally limits the process temperatures and thus affects the growth 
mode of the thin-film solar diodes. 
 
Fig. 1.3. Schematic of a typical a-Si:H solar cell prepared in (a) superstrate p-i-n 
configuration, and (b) substrate n-i-p configuration. In both cases, the p-doped layer 
faces the sun. 
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Table 1.1. Best certified stabilised efficiencies* for thin-film Si solar cells and modules, 













a-Si:H 10.1 1.0036 0.886 16.75 67.8 
Oerlikon Solar 
Lab [27] 
a-Si:H 10.2 1.001 0.896 16.36 69.8 AIST [28] 
µc-Si:H 11.8 1.044 0.548 29.39 73.1 AIST [29] 
a-Si:H/µc-Si:H 12.7 1.000 1.342 13.45 70.2 AIST [30] 
a-Si:H/µc-Si:H 
/µc-Si:H 





13.6 1.043 1.901 9.92 72.1 AIST [32] 
a-Si:H/µc-Si:H 12.6 14322 202.1 1.261 (A) 68.8 TEL Solar [33] 
a-Si:H/a-SiGe:H 
/µc-Si:H 





10.5 14305 224.3 0.991 (A) 67.9 
LG Electronics 
[35] 
* The cells were light-soaked under 1000 W/m2 white light at 50°C for 1000 hours of 
exposure to stabilise the conversion efficiency. AIST: Japanese National Institute of 
Advanced Industrial Science and Technology. 
Table 1.1 summaries the best certified stabilised efficiencies for thin-film Si based solar 
cells and related modules. The cells were light-soaked under a white light intensity of 
1000 W/m2 at 50°C for 1000 hours to obtain a stabilised performance. For single-
junction solar cells, the world-record PV efficiency is 10.2% for a-Si:H and 11.8% for 
µc-Si:H devices. For double- and triple-junction solar cells, the highest efficiency can 
initially reach above 14%, but after light soaking and stabilisation the efficiency drops 
to 12.7% and 13.6%, respectively. The efficiency generally reduces further by 1–2% 
(absolute) during scale-up from small single cells ('mesa-cell') to the PV module level 
[36]. The best micromorph tandem module (a-Si:H/μc-Si:H) has a stabilised efficiency 
of 12.6%, with a remarkable total area of over 1.4 m2. In contrast to the experimental 
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achievements, the theoretical studies predict a 15% efficiency potential for double-
junction micromorph a-Si:H/μc-Si:H solar cells and around 17% efficiency for triple-
junction a-Si:H/a-SiGe:H/μc-Si:H solar cells [37], and approaching 20% efficiency for 
quadruple-junction a-Si:H/a-SiGe:H/μc-Si:H/μc-SiGe:H solar cells [38]. 
A promising approach to improve the PV efficiency of today’s thin-film solar cells, 
both single-junction and multi-junction devices, is the development of high-
performance TCO front electrodes with better light scattering capabilities, higher 
optical transparency and lower electrical resistivity [39, 40]. 
1.3 Motivation of the thesis 
For superstrate thin-film Si solar cells, it is well known that the front TCO electrode 
plays an essential role in determining the PV efficiency, as the TCO layer can 
simultaneously provide the electrical conductance and the optical management. Due to 
the very thin active absorber layer (about 200–300 nm for a-Si:H cells and 1–3 µm for 
µc-Si:H solar cells [41]), thin-film Si devices require certain surface texture features 
for light management. The front TCO layer optically scatters the incoming light into 
the absorber layer, which increases the optical path length and thus enhances the 
probability of photon absorption inside the solar cells [42]. Commonly used TCO 
materials include tin-doped indium oxide (ITO or In2O3:Sn), fluorine-doped tin oxide 
(FTO or SnO:F) and impurity-doped zinc oxide (e.g., Al, Ga, B) [43]. Of these, 
aluminium-doped zinc oxide (AZO or ZnO:Al) has been considered as one of the most 
promising materials as the front electrode of thin-film solar cells, owing to its 
advantages such as non-toxicity, good stability against a hydrogen plasma, abundance 
of material, low cost, and easy post-deposition texturing by a wet-chemical etching 
process for light management [44-46]. 
This thesis focuses on the deposition, characterisation, optical modelling and 
simulation of TCO materials, especially AZO. The research aims at developing high-
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quality TCO films as front electrode for applications in superstrate thin-film Si solar 
cells, by using magnetron sputter deposition and wet-chemical etching processes. To 
prepare high-efficiency solar cells, the TCO layer must fulfil several important 
requirements in terms of its electrical and optical properties, as well as resultant surface 
morphologies for efficient light trapping [43, 47]. Therefore for thin-film Si solar cells 
processed on TCO superstrates, the following research problems are addressed in this 
thesis: 
 Deposition of highly uniform AZO films on A3 size (30 cm × 40 cm) planar soda-
lime glass sheets using dual cylindrical rotatable targets by an inline magnetron 
sputter machine; 
 Modified surface texturing of AZO films using either two-step or mixture etching 
processes based on diluted hydrofluoric (HF) and hydrochloric (HCl) acids; 
 Investigation of the role of the film thickness on the material and surface texturing 
properties of sputter-deposited AZO films; 
 Development of modified bilayer TCO structures as front electrode for enhanced 
electrical performance, and investigation of relevant surface texturing properties; 
 Investigation of the role of the front AZO textures, through optical scattering 
modelling and device simulation studies, for thin-film a-Si:H solar cells on etched-
AZO superstrates with different surface morphologies. 
1.4 Scope of the thesis 
Chapter 1 of this thesis highlights the importance of PV technologies and the current 
status of the state-of-the-art thin-film Si solar cells. TCOs play a crucial role as the 
front electrode and the optical layer for many types of thin-film PV devices. Of these 
commonly used TCOs, AZO has been identified as one of the most promising materials 
for superstrate thin-film Si solar cells. Chapter 2 briefly reviews the fundamentals and 
basic properties of AZO films, especially focusing on applications in thin-film Si solar 
cells. The front AZO layer should fulfil several opto-electronic and morphological 
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requirements for the fabrication of high-efficiency Si solar cells. Chapter 3 describes 
the thin film deposition and characterisation equipment used in this thesis. TCO films 
were deposited on planar soda-lime glass sheets by pulsed DC magnetron sputtering. 
Electrical, optical, structural and morphological properties were investigated in detail 
by various characterisation techniques. Chapter 4 investigates the surface texturing 
properties of AZO films. To enhance the optical absorption within the thin-film Si solar 
cells, the AZO films were wet-chemically etched using various texturing procedures, 
including single-step, two-step and mixture etching processes, based on diluted HF and 
HCl acids. Chapter 5 investigates the thickness effect of AZO films prepared by 
magnetron sputtering. It is found that not only the material properties, but also the 
surface texturing process greatly depends on the initial as-grown layer thickness of the 
AZO films. The AZO layer must be adequately thick in order to achieve both good 
electrical conductance and optical scattering in thin-film Si solar cells. In Chapter 6, 
bilayer TCO structures consisting of ITO and ZnO are proposed and analysed with 
regard to their material and surface texturing properties. Within the bilayer TCO 
structure, the ITO layer is found to mainly work as the electrical layer (to provide 
sufficient lateral electrical conductance), while the textured ZnO top layer acts as the 
optical layer that provides the light scattering. Chapter 7 studies the performance of 
thin-film a-Si:H solar cells with different AZO texture morphologies via optical 
scattering modelling and device simulation using the ASA simulator software. The 
optical absorption and losses are quantitatively analysed in each layer of the solar cell 
while the device performances are investigated with regard to the photogeneration 
profile, spectral response and electrical characteristics. Finally, Chapter 8 summaries 
the results obtained in this thesis, provides some conclusions, and recommends some 
possible future work. 
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Chapter 2 Fundamentals 
2.1 Transparent conductive oxides 
Transparent conductive oxides (TCOs) are a certain class of thin-film materials which 
simultaneously possess a high optical transparency and a low electrical resistivity. 
These unique opto-electronic properties are usually obtained for a heavily doped, wide-
bandgap (e.g., Eg > 3 eV) semiconductors based on metal oxides. The first TCO 
material, cadmium oxide (CdO), was prepared by K. Bädeker in 1907 by thermally 
oxidising a cadmium film [48]. Although it has good electrical properties, the usage of 
CdO remained limited due to concerns about its toxicity. The first practically usable 
TCO material – tin oxide (TO or SnO) – was deposited by T.G. Bauer in 1937 [49]. 
Nearly two decades later, the first transparent conductive indium oxide (IO or In2O3) 
was obtained in 1954 by post-oxidation of metallic thin films [50]. The 1970s saw the 
successful depositions of aluminium-doped (ZnO:Al) [51] and un-doped zinc oxide 
(ZnO) films [52] with both good optical and electrical properties. Since then TCO 
technologies have undergone significant developments. Today, the most extensively 
used TCO materials consist of three types of metal oxide semiconductors: indium oxide 
(e.g., doped with tin, In2O3:Sn), tin oxide (e.g., doped with fluorine, SnO:F), and zinc 
oxide (e.g., doped with the group-III impurities Al, Ga, In or B) [43], or multi-
compound oxides (e.g., indium zinc oxide, IZO), see Fig. 2.1. 
 
Fig. 2.1. Important TCO thin-film materials as transparent conductive electrodes. 
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Table 2.1. Selected basic film properties of three common TCO materials. Data taken 
from Refs. [53-55]. LPCVD, MOCVD and APCVD stand for low pressure, metal 
organic and atmospheric pressure chemical vapour deposition. 
TCO Indium oxide  Zinc oxide Tin oxide 
Typical  
dopant 









Up to 95% 90–95% 90% 
Resistivity 
(Ωcm) 
(1–5)×10-4 (3–8)×10-4 (6–10)×10-4 
Work function 
(eV) 
4.7–4.9 4.3–4.5 4.8–4.9 
Bandgap  
(eV) 
~3.7 ~3.4 ~3.0 
Refractive 
index 










Small Large Large 
Plasma  
stability 









Displays and touch 
panels 
Solar cells, gas 
sensors, low-e 
coatings 
Solar cells, low-e 
coatings, liquid-crystal 
displays 
Table 2.1 shows the basic properties and typical applications of these common TCO 
materials. Among these, tin-doped indium oxide (ITO) offers the best electrical and 
optical performance, and thus has been widely used for flat panel displays and touch 
panel applications [56]. Due to the scarcity of indium, ITO is relatively expensive and 
thus it is important to find an alternative material to minimise the indium consumption 
and lower the cost of TCO material. In terms of thin-film solar cell devices, the most 
popular TCO at present is fluorine-doped tin oxide (FTO) [57], where high-quality 
commercial products (e.g., Asahi U-type TCO and NSG TEC™ Glass) are readily 
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available on the market [58]. In the PV industry, the use of ITO films remains limited, 
due to the difficulties of surface texturing, despite very good electrical conductance. 
The market dominating SnO2:F (FTO) films are not stable in a hydrogen plasma, and 
thus their properties deteriorate during the deposition of the µc-Si:H layer, which is 
required for the preparation of high-efficiency tandem a-Si:H/µc-Si:H solar cells. 
Hence, for micromorph solar cell applications, it is important to develop an alternative 
TCO material. In addition, FTO films have both inferior electrical conductance and 
optical transparency compared to the counterpart TCO films. As a result, the 
aluminium-doped zinc oxide (AZO or ZnO:Al) films are becoming more attractive for 
superstrate thin-film Si solar cells, owing to the advantages such as abundant and 
sustainable materials, low cost, non-toxicity, stability against a hydrogen plasma 
environment and an easy post-deposition texturing procedure by wet-chemical etching 
for light management purposes [44, 46]. 
At present, most PV devices, especially thin-film Si solar cells, require a TCO layer as 
the current-collecting electrode on the illuminated surface of the device. To prepare 
high-efficiency thin-film Si solar cells, the TCO layer must fulfil several basic 
requirements in terms of its electrical and optical properties, as well as resultant surface 
morphologies [43]. First, the TCO layer needs to be sufficiently conductive to transport 
the photogenerated current out of the solar cell. It is desirable to have a TCO film with 
a high carrier mobility and a not-too-high free carrier concentration (to avoid high free 
carrier absorption and thus reduce parasitic absorption in the solar cell). Second, the 
TCO layer should be as transparent as possible over the required range of the solar 
spectrum (e.g., 400 to 800 nm for a-Si:H solar cells, and 400 to 1100 nm for µc-Si:H 
solar cells). The TCO material should also have a well suited index of refraction (e.g., 
n of ~2), so that it can act as a good anti-reflection coating (ARC) for the solar cell. 
Third, the TCO film should have a suitable surface texture (either as-grown or via a 
post-deposition texturing process) to enhance the photon absorption in the solar cell via 
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efficient optical scattering. It is important that the textured surface is not too rough, as 
this would (i) affect the growth mode of the thin-film solar cell diode and (ii) cause 
electrical shunting of the thin-film diode. 
In this chapter, some basic material properties, deposition techniques and texturing 
processes of AZO films are briefly reviewed, especially focusing on applications in 
superstrate thin-film Si based solar cells. The AZO layer must have good structural, 
electrical, optical and morphological properties to be suited as the front electrode of 
high-efficiency solar cells. Tailor-made surface texturing leads to an enhanced optical 
scattering effect, which is an important prerequisite for an enhanced PV efficiency. 
2.2 Structural properties of AZO films 
ZnO is a II-VI binary compound semiconductor that generally crystallises in the 
hexagonal wurtzite structure [59]. Figure 2.2(a) shows a typical crystalline wurtzite 
ZnO structure doped with Al, and Table 2.2 summaries some basic structural properties. 
It should be noted that the basal plane lattice parameter (i.e., the edge length of the 
basal plane hexagon) is universally depicted by a, while the axial lattice parameter (i.e., 
the unit cell height) perpendicular to the basal plane is universally denoted by c. The 
wurtzite ZnO structure can be simply described as a number of alternating planes 
composed of tetrahedrally coordinated anions (i.e., O2-) and cations (i.e., Zn2+), stacked 
alternately along the c-axis. This tetrahedral coordination results from the sp3-
hybridisation of the covalent bonds. Thus the Zn-O bond shows a substantial ionic 
character. This primarily ionic Zn-O bond leads to two polar faces perpendicular to the 
c-axis: positively charged (001) zinc and negatively charged (001̅) oxygen planes, as 
shown in Fig. 2.2(b). The a-axis oriented (100), (1̅00), and (110) planes are non-polar 
faces since they contain the same number of zinc and oxygen atoms, and thus bear no 
electrical charge. With regard to extrinsic doping, the Zn2+ cations are substitutionally 
replaced by group-III impurity ions (typically Al3+ or Ga3+) and thus contribute to an 
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extra free electron in the conduction band. Doped ZnO (e.g., ZnO:Al) rearranges the 
lattice structure while maintaining the wurtzite structure of intrinsic ZnO. 
 
Fig. 2.2. Schematic diagrams of (a) the hexagonal wurtzite structure of Al-doped ZnO 
(AZO), and (b) polar Zn/O-terminated surfaces of c-axis columnar structure. Modified 
from Ref. [60]. 




Space group: P63mc (C6v
4 ) 
Point group: 6mm (C6v) 
Lattice constant 
a0: 3.25 Å 
c0: 5.20 Å 
Binding Covalent/ionic fraction: 45%/55% 
Polar face (001), (001̅) 
Non-polar face (100), (1̅00), (110) 
Density 
5.61 g/cm3 (bulk) 
5.25–5.35 g/cm3 (sputtered film) 
2.3 Electrical properties of AZO films 
Pure ZnO shows an n-type conductivity in nature, with a high resistivity and a low free 
carrier concentration as low as 1014 cm-3 at room temperature (i.e., 300 K). In order to 
be electrically conductive, ZnO needs to be heavily doped. The conduction is 
contributed by two doping mechanisms: (i) the creation of intrinsic donors by lattice 
defects, such as the oxygen vacancy (VO) and the interstitial zinc (Zni), and (ii) the 
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introduction of extrinsic dopants like Al3+ and/or Ga3+. The dopant concentration is 
usually in the range of 1020–1021 cm-3, which corresponds to a resistivity of around 10-4 
Ωcm [63]. When a heavily doped semiconductor becomes degenerate and its Fermi 
level moves up into the conduction band, the material starts to behave like a metal. In 
this case the conduction mechanism can be described using the Drude model, as follows: 











              (2.1) 
where σ is the film conductivity, ρ is the resistivity, n is the free carrier concentration, 
e is the elementary charge, µe is the electron mobility, τ is the average collision time 
and 𝑚𝑒
∗  is the effective electron mass. 
The transport of electron is mainly limited by two types of scattering mechanisms: 
grain boundary scattering (μg) and ionised impurity scattering (μi). Figure 2.3 depicts 
grain boundary scattering for a low degree of crystallinity and ionised impurity 
scattering for a high degree of crystallinity and a high carrier concentration [64]. For 
degenerate semiconductors, ionised impurity scattering starts to become dominant 
when the free carrier concentration exceeds about 1019 cm-3. Other scattering 
mechanisms such as lattice vibration scattering (μl), neutral impurity scattering (μn) and 
dislocation scattering (μd) may also play a role in determining the overall carrier 
mobility of a TCO film, as follows [65]: 
 
1 1 1 1 1 1 1
e i g l n d      
                                  (2.2) 
In these highly-doped ZnO films the electron mobility can be quite low, generally less 
than ~30 cm2V-1s-1 [65]. Figure 2.4 indicates a correlation between the free carrier 
concentration and the mobility measured by the Hall effect method, together with some 
modelling results for both un-doped and impurity-doped ZnO films prepared by 
different deposition methods. Generally, grain boundary scattering dominates at low 
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carrier concentrations while ionised impurity scattering dominates in highly doped 
regions. 
 
Fig. 2.3. Schematic diagrams of (a) grain boundary scattering and (b) ionised impurity 
scattering for electron carrier transport. Modified from Ref. [64]. 
 
Fig. 2.4. Measured and modelled Hall mobility (µe) as a function of the free carrier 
concentration (n) for un-doped and impurity-doped ZnO films. Two main scattering 
mechanisms were used in the modelling. Data taken from Ref. [66]. 
2.4 Optical properties of AZO films 
The optical properties of AZO films greatly depend on the concentrations of the doping 
elements. On one hand, a high dopant concentration widens the optical bandgap of the 
films, which blue shifts the absorption edge in the ultraviolent (UV) range [67]. On the 
other hand, these dopants result in an enhanced free carrier absorption, which reduces 
the near-infrared (NIR) transmission. Figure 2.5 displays the total transmittance (T), 
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absorbance (A) and reflectance (R) of flat AZO films (~800 nm thick) with low and 
high carrier concentrations (n) as a function of the wavelength (λ). In the visible range, 
the transmission oscillates between 80% and 90%. These oscillation fringes are caused 
by alternative constructive and destructive interferences at the film surface. The 
distance between neighbouring peaks is related to the film thickness. Figure 2.5(b) 
magnifies the short-wavelength region of the optical spectrum in Fig. 2.5(a), indicating 
a blue shift of the profile associated with a high carrier concentration. With regard to 
the NIR region, above the plasma frequency, the transmission gradually decreases 
while both the absorption and the reflection increase. 
 
Fig. 2.5. Transmittance (T), absorbance (A), and reflectance (R) of around 800 nm thick 
AZO films with low (black line) and high (red line) carrier concentration (n) in the 
wavelength range of (a) 300–2200 nm, and (b) 300–450 nm. Modified from Ref. [68]. 
Theoretically, when the light frequency is lower than the plasma frequency of the 
material (ω < ωp), the dielectric function turns negative and the incoming light can no 
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longer propagate through the film and thus gets reflected back. Equation 2.3 describes 
the dielectric function (ε) as a function of the angular frequency (ω) of the light: 











   
         (2.3) 
where ωp is the plasma frequency, ε0 is the vacuum permittivity, ε∞ is the high-
frequency dielectric constant, and 𝑚𝑒
∗  is the effective electron mass in ZnO. AZO films 
typically have a plasma frequency at a wavelength of around 1000 nm. The plasma 
frequency is related to the carrier concentration, as follows: 










  (2.4) 
Specifically, the lower spectral cut-off point of the ZnO films is determined by their 
optical bandgap energy (Eg). If the incident photons have an energy greater than the 
bandgap, they are readily absorbed; otherwise they are primarily transmitted through 
the films. As a wide-bandgap semiconductor, intrinsic ZnO has a direct bandgap of 
around 3.37 eV [69]. For heavily-doped ZnO, there exist two primary competing 
phenomena responsible for the increased bandgap energy. The first increases the 
optical bandgap with increasing carrier concentration through the filling of conduction 
band states by excess carriers; this is the so-called Burstein-Moss (BM) effect [70, 71]. 
The second phenomenon is due to the many body effects (e.g., exchange energy due to 
electron-electron, electron-hole or electron-impurity interactions), which affects the 
absorption edge and thus narrows the bandgap with increasing donor density [72, 73]. 
The bandgap energy is subject to the net result of the above two effects and is generally 
dominated by the BM widening effect, as indicated in Eq. 2.5 and Fig. 2.6: 




where Eg0 is the theoretical intrinsic bandgap energy, and ΔEBM and ΔEBGN are the 
bandgap shifts due to the BM band-filling effect and the bandgap narrowing (BGN) 
effect, respectively. 
 
Fig. 2.6. Schematic band structure with isotropic and parabolic conduction and valence 
bands for (a) un-doped, and (b) doped ZnO. The shaded areas represent occupied states. 
2.5 Deposition techniques for AZO films 
AZO thin films are usually deposited onto glass sheets or flexible substrates such as 
stainless steel foils and PET foils. Up to date, various techniques have been utilised for 
the deposition of AZO films, such as spray pyrolysis [74], liquid/vapour phase or sol-
gel synthesis [75], molecular beam epitaxy (MBE) [76], pulsed laser deposition (PLD) 
[77], atomic layer deposition (ALD) [78], chemical vapour deposition (CVD) [45, 79] 
and magnetron sputtering [80]. Table 2.3 summaries the basic electrical and optical 
properties of state-of-the-art as-deposited AZO films prepared by different methods. It 
should be noted that the exact film properties can also greatly depend on the layer 
thickness, in addition to the deposition techniques. 
Among these, the sol-gel method is an attractive liquid-phase approach for thin film 
deposition at low cost and low processing temperatures. But the resulting films 
typically show a high resistivity of above 10−2 Ωcm and require an annealing process 
at a very high temperature in order to enhance the electrical conductance. Films with 
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very good quality can be achieved with PLD and MBE, showing a minimum resistivity 
of the order of 10−5 Ωcm, but the deposition has to proceed at a quite slow rate (e.g., 
0.1–1 nm/min). Similar to PLD, ALD also has a throughput issue since the film has to 
grow layer by layer (e.g., less than 1 nm/cycle), which limits the possibilities of large-
scale production for industrial applications. In contrast, CVD has a high deposition rate 
(about 50–70 nm/min) but relatively inferior electrical properties (ρ of ~10−3 Ωcm) [81]. 
Combining the advantages of good opto-electronic properties (ρ of ~3–8×10−4 Ωcm 
and high visible transmission) on large substrates and high deposition rate (~100 
nm/min), magnetron sputtering has become one of the primary industrial deposition 
methods for AZO films. One main drawback of the sputtering method is the potential 
ion-induced damage associated with the deposition process. 
Table 2.3. Selected basic electrical and optical properties of some state-of-the-art as-















Sputtering 3.18–3.36 2.7×10-4 9.0×1020 25 > 85 
CVD 3.59 * 8.7×1020 * > 85 
PLD * 8.5×10-5 1.5×1021 47.5 > 88 
Sol-gel * 1.2×10-4 2.5×1020 31 > 90 
MBE * 5.2×10-4 2.1×1020 57 * 
* Relevant information is unknown 
2.5.1 Magnetron sputtering 
Sputtering is a physical vapour deposition (PVD) process of depositing thin-film 
coatings, whereby surface particles (atomic or molecular scale) are physically knocked 
out from a source “target” by using energetic gaseous ions (up to tens of keV) in a 
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plasma [83]. These sputtered materials ballistically travel towards and readily adsorb 
onto the substrate. Prior to deposition, the sputtering chamber must be evacuated to a 
high vacuum environment (< 10-6 mbar) and during deposition a small amount of 
sputtering gas (usually Ar) is pre-ionised into a plasma. In order to sustain the plasma, 
a voltage is applied between the anode (on which the substrate is mounted) and the 
cathode (on which the target is mounted). In the presence of this electric field, 
positively charged ions accelerate towards the target while electrons move towards the 
substrate. With high enough kinetic energy, these electrons can ionise the neutral gas 
molecules during collisions. Simultaneously, ions striking the cathode generate 
secondary electrons that are continuously attracted towards the anode. With suitable 
electric potential and chamber pressure, the plasma glow discharge is able to self-
sustain. Figure 2.7 schematically shows a typical magnetron sputtering process 
employing a planar target at the cathode. During the sputtering process the planar target 
erodes at a very rapid rate in the erosion ring region, thereby creating a deep groove in 
the target face. 
 
Fig. 2.7. Schematic diagram of a typical magnetron sputtering process employing a 
planar target at the cathode and a substrate at the anode. The arrow on the right indicates 
the direction of the applied electric field. 
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The supply power varies from radio frequency (RF, 13.56 MHz), medium frequency 
(MF, tens of kHz) to conventional direct-current (DC) and pulsed DC (pDC or DC+). 
In general, DC sputtering can only be used for conductive materials such as metallic or 
heavily-doped dielectric targets, while insulating or semiconducting materials must 
employ MF or RF power sources. However, conventional sputtering suffers from a 
very low deposition rate caused by a relatively small mean free path and low ionisation 
efficiency. To improve the sputtering efficiency, magnetrons are employed in the 
sputtering process (so-called magnetron sputtering) [84]. Specifically, the magnets are 
placed behind the target to electromagnetically trap the plasma and thus increase the 
plasma density. This applied magnetic field also confines the electrons near the target 
surface, and causes them to move in a spiral loop until colliding with gas atoms and 
ionising them. 
In terms of the targets used, magnetron sputtering can be classified into either reactive 
sputtering of metallic targets or compound deposition using ceramic targets. The main 
feature of reactive sputtering is the use of cost-effective metallic targets rather than 
expensive ceramics. During the deposition, metal targets serve as the cathode and are 
sputtered in a reactive atmosphere (e.g., Ar and O2 mixture gas). These sputtered atoms 
condense onto the substrate where they reactively form the desired oxide film. The film 
properties can be tuned to a large extent via varying the O2 partial pressure, which can 
be separated into three process regimes (metallic, transition and compound/oxide mode) 
[85]. 
In contrast, it is much easier and convenient to control the deposition process and 
achieve good film properties by the use of ceramic targets. Another strong advantage 
of sputtering using ceramic targets is the precise stoichiometric deposition [86], which 
means the deposited films could have almost the same composition as that of the target 
material. But the material cost and manufacture complexity increase significantly when 
using ceramic targets instead of metallic targets. 
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2.6 Surface textured AZO films for photovoltaic applications 
2.6.1 Superstrate thin-film Si solar cells 
A solar cell is an opto-electronic device that is able to directly convert solar energy into 
electricity via the photovoltaic effect. Thin-film Si solar cells have been developed to 
reduce the costs by incorporating abundant low-cost materials such as hydrogenated 
amorphous Si (a-Si:H), microcrystalline Si (μc-Si:H) and related alloys (e.g., a-SiC:H, 
a-SiGe:H). As a non-crystalline material, a-Si no longer exhibits the periodic structure 
order of crystalline Si (c-Si). Due to the long range disorder of a-Si, the energy states 
of the valence and conduction bands spread into the bandgap regions, thereby forming 
band tail states. The optical bandgap energy of intrinsic a-Si:H typically varies around 
1.7–1.8 eV. In contrast, μc-Si:H material consists of a large number of small crystalline 
grains assembled within the amorphous matrix. Due to the inclusion of the crystalline 
Si phase, μc-Si:H has a smaller optical absorption coefficient and a higher activation 
rate of dopants than a-Si:H [87]. The absolute value of the absorption coefficient 
depends on the percentage composition of the amorphous component. In addition, μc-
Si:H keeps the same indirect bandgap energy of 1.1 eV similar to that of the single-
crystal Si. 
Figure 2.8 illustrates the differences of atomic lattice structure between crystalline, 
hydrogenated amorphous and microcrystalline Si. The incorporation of hydrogen (i.e., 
hydrogenation) significantly improves the material quality of both a-Si and μc-Si thin 
films via passivating the dangling bond defects in the a-Si network, which would 




Fig. 2.8. Simplified schematic drawing of the atomic lattice structure of (a) crystalline 
Si (c-Si), (b) hydrogenated amorphous Si (a-Si:H), and (c) hydrogenated 
microcrystalline Si (μc-Si:H). 
Figure 2.9 schematically shows a typical p-i-n structure of an a-Si:H solar cell prepared 
in the superstrate configuration, as well as the corresponding energy band diagram. In 
this configuration, light enters the cell through a transparent superstrate, usually a soda-
lime glass sheet. A thick TCO layer (e.g., AZO) serves as the front electrode while a 
thin TCO layer together with a metal reflector (e.g., AZO and Ag/Al layer) work as the 
back contact. The active device consists of three layers: a p-type a-Si:H or µc-Si:H 
layer, an intrinsic a-Si:H layer, and an n-type a-Si:H or µc-Si:H layer. The doped-layers 
are usually very thin, ~10–15 nm for the p-layer and ~15–20 nm for the n-layer, to 
reduce parasitic optical absorption. The intrinsic layer (usually ~200–300 nm thick) 
serves as the absorber in which photogeneration takes place. This intrinsic layer is 
sandwiched between the doped layers so that a built-in electric field is established 
across the i-layer. This internal electric field separates the electron-hole pairs 
immediately after the photogeneration process. These separated carriers drift towards 
the doped layers (electrons move to the n-layer and holes to the p-layer) and are 




Fig. 2.9. Schematic illustration of device structure and energy band diagram of a typical 
p-i-n a-Si:H solar cell prepared in the superstrate configuration. 
2.6.2 Solar cell characteristics 
During operation, the solar cell diode shows a characteristic current-voltage (I-V) 
relation, as follows: 




        (2.6) 
where I is the terminal current, IL is the light generated current, I0 is the dark saturation 
current of the solar diode, q is the elementary charge (q = 1.602×10-19 C), V is the diode 
voltage, n is the diode’s ideality factor, k is the Boltzmann constant (k = 1.38×10-23 
m2kgs-2K-1) and T is the absolute temperature (K). 
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Generally the I-V characteristics is normalised by the cell area, giving a current density-
voltage (J-V) characteristics. Figure 2.10 shows a typical J-V curve of a solar cell under 
illumination. The short-circuit current density (Jsc) is the current density of the device 
for short-circuited terminals. In contrast, the open-circuit voltage (Voc) is the voltage of 
the device for open-circuited terminals (i.e., infinitely large external load). The fill 
factor (FF) of the I-V curve is defined as the ratio of the maximum output power (Pmp) 
to the product of open-circuit voltage and short-circuit current (Isc), as follows: 
        
mp mp mp
oc sc oc sc
P V I
FF
V I V I
    (2.7) 
The conversion efficiency or PV efficiency (η) of the solar cell is defined as the ratio 
of the maximum output power to the input power (Pin), as follows: 
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      (2.8) 
The external quantum efficiency (EQE) describes the current response of the short-
circuited solar cell when irradiated by light of a particular wavelength. The EQE is 
defined as the number of electrons collected by the solar diode (Ne) versus the number 
of incident photons (Nγ), as follows: 









    (2.9) 
The spectral response (SR, given in a unit of A/W) describes the ratio of the current 
generated by the solar cell to the power (given in a unit of W) of the incident sunlight. 
It is correlated with the quantum efficiency (QE) via: 





    (2.10) 
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where q is the electron charge, h is the Planck constant (h = 6.626×10-34 m2kg/s) and c 
is the speed of light in vacuum (c = 2.998×108 m/s). 
If the QE of a solar cell is known, its short-circuit current density under a particular 
illumination spectrum can be calculated by integrating the product of QE and photon 
flux (Φ) over the spectrum, as follows: 
        ( ) ( )dscJ q QE         (2.11) 
With no external current flow, the open-circuit voltage is correlated with the short-
circuit current density, as follows: 






     (2.12) 
where J0 is the dark saturation current density of the solar cell diode. 
 
Fig. 2.10. Schematic of the current density-voltage and power density-voltage curves 
of a solar cell. The black line shows the J-V characteristics, while the blue line shows 
the corresponding power output of the solar cell. mpp stands for 'maximum power 
point'. 
2.6.3 Light scattering effect 
In superstrate thin-film Si solar cells, the front TCO not only functions as an electrode, 
but it also serves as an optical layer. As a rule of thumb, high-quality TCO films should 
fulfil the following criteria for one-sun thin-film solar cell applications [41, 47]: (i) The 
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electrical sheet resistance should be lower than 10 Ω/sq, (ii) the average absorption in 
the visible region should be less than 6–7%, and (iii) the light scattering should be as 
large as possible, to enhance the photon absorption in the solar cell. To provide an 
efficient light management scheme, a textured TCO surface has been introduced for 
the thin-film solar cells [42]. Due to the almost conformal growth of silicon thin-film 
diodes made by PECVD, the front TCO texture morphology is well reproduced at the 
other interfaces of these solar cells. Compared to a flat interface, a textured interface 
has two advantages: improved light in-coupling and improved light trapping, as 
indicated in Fig. 2.11. 
 
Fig. 2.11. Schematic diagrams of the light scattering effect in a typical superstrate thin-
film a-Si:H solar cell with (a) flat interfaces and (b) textured interfaces. 
Light in-coupling: Compared to the flat interface, a textured interface (with rough 
features) leads to a better matching of the refractive indices of two adjacent materials 
and thus serves as an anti-reflective coating. This effect applies to all wavelengths of 
the solar spectrum and is especially important on the uppermost interfaces (sun-facing 
side), most notably the front TCO/silicon interface. As a result, more photons can be 
introduced into the solar cell without being reflected at the front side. 
Light trapping: A good textured interface can effectively scatter light and thereby trap 
photons inside the absorber layer. The scattering of light into larger angles leads to an 
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elongation of the optical light path and thus higher chances for photon absorption. 
Better light absorption contributes to an enhanced photocurrent density and hence a 
better PV efficiency of the solar cells. The light scattering effect is particularly 
important for weakly absorbed long-wavelength photons, which – in case there is a 
good back surface reflector – can travel several times across the absorber layer of the 
thin-film solar device. 
The effect of light scattering can be theoretically assessed by calculating the solar cell’s 
absorption using the following simplified assumption: 
            1 exp( )A d     (2.13) 
where A is the total absorption, α is the absorption coefficient of the solar cell, and d is 
the optical light path length. 
Figure 2.12 theoretically shows the calculated spectral absorption for a typical a-Si:H 
(300 nm intrinsic layer) and µc-Si:H solar cell (1 µm intrinsic layer) and predicts the 
maximum photocurrent density values (assuming an ideal spectral response) that can 
be obtained when the effective optical light path length is increased from 1 to 10, and 
50 times the layer thickness. It is clear that the scattering significantly improves the 
utilisation of long-wavelength photons from around 550 nm up to the absorption edge 
(~800 nm for a-Si:H and ~1100 nm for µc-Si:H). The total equivalent current density 
(Jeqv) of the one-sun AM 1.5G solar spectrum is approximately 46.3 mA/cm2, assuming 
each photon generates one collected charge carrier. For a-Si:H, the Jeqv value of the 
solar device increases from 14.1 to 22.3 mA/cm2 when the optical light path length 
increases from 1 to 50 times of the layer thickness (i.e., from 0.3 to 15 µm). For µc-
Si:H, the corresponding Jeqv value increases from 17.2 to 35.0 mA/cm2 as the optical 
length increases from 1 to 50 µm. But it should be noted that the actual current density 
achieved on these thin-film Si solar cells is much lower than this simplified calculation 




Fig. 2.12. Calculated fraction of the one-sun AM 1.5G solar spectrum absorbed in a 
simplified (a) a-Si:H solar cell (300 nm intrinsic layer) and (b) µc-Si:H solar cell (1 µm 
intrinsic layer), for three different light trapping scenarios (optical light path lengths of 
1, 10 and 50 times of the intrinsic layer thickness). Also shown are the corresponding 
equivalent photocurrent densities of the solar cells. 
2.6.4 Surface texturing of AZO films 
In general, depending on the deposition technique, the surface texture of polycrystalline 
ZnO films is obtained either through a wet-chemical etching process (resulting in 
concave crater-like features) in a weak or diluted acid, or during the deposition process 
itself (giving pyramid-like features) by the hydrogen mediation method [88-90] for 
magnetron-sputtered films and by the low pressure chemical vapour deposition 
(LPCVD) method [91-95]. Hydrogen mediation involves the introduction of hydrogen 
sputtering gas at a high flow rate during the deposition process. The film surface will 
be etched by the hydrogen plasma simultaneously during the thin film growth process, 
thus resulting in a self-textured surface morphology for the hydrogenated Al-doped 
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ZnO (HAZO) films. Compared to chemically etched AZO films, the surface features 
of self-textured HAZO films tend to be laterally smaller and thus showing less optimum 
light scattering capabilities (e.g., a low haze value). In addition, although giving better 
optical scattering, too much hydrogen would significantly lower the deposition rate and 
deteriorate the electrical properties of the HAZO films. 
In contrast, the post-deposition etching of sputtered ZnO films is usually achieved by 
etching in hydrochloric acid (HCl), typically 0.5 vol.% (volume percentage) diluted in 
deionised (DI) water [96]. As a strong acid, the HCl acid completely dissociates into 
the water and thereby forms hydronium clusters (e.g., H3O+, H5O2+) and chloride (Cl-) 
ions, see Eq. 2.14. The hydronium ions oxidise the ZnO, thereby forming zinc ions 
(Zn2+) and water (H2O), see Eq. 2.15. Similarly, other acids such as nitric acid (HNO3), 
phosphoric acid (H3PO4), acidic ammonium chloride (NH4Cl), oxalic acid (H2C2O4), 
acetic acid (CH3COOH) and hydrofluoric acid (HF) have also been studied for the 
texturisation of AZO films [97-103]. 
HCl + H2O → H3O+ + Cl-                                      (2.14) 
  ZnO + 2H3O+ → Zn2+ + 3H2O                                  (2.15) 
Figure 2.13 compares the typical surface morphologies observed from SEM images for 
as-deposited and wet-chemically etched AZO films prepared by magnetron sputtering. 
As-deposited AZO films have very small native texture features (size of a few tens of 
nanometres), while texture-etched surfaces show some large (sub-micron-sized) crater-
like features. It should be noted that the exact texture morphology (e.g., surface feature 
shape, size, depth and roughness) significantly depends on the used acid and its 
concentration, the etching time and the processing temperature. It is desirable to have 
texture feature sizes comparable to the effective wavelength (e.g., λeff = λair/nAZO) in 




Fig. 2.13. SEM micrographs of sputter-deposited AZO films with a typical surface 
morphology of (a) as-deposited and (b) texture-etched. 
2.7 Chapter summary 
This chapter summarised the basic opto-electronic and structural properties of 
transparent conductive films (with a focus on aluminium-doped zinc oxide, ZnO:Al) 
and relevant deposition techniques (primarily magnetron sputtering). Compared to 
other TCO materials, sputter-deposited AZO films combine the advantages of low 
resistivity, high transparency, and good optical scattering properties (after a surface 
texturing process). The magnetron sputtering method enables the large-scale 
production of high-quality AZO films (crystallised in the wurtzite structure) at a rapid 
deposition rate. Various surface texture features can be obtained by wet-chemically 
etching the films in a weak acid or a diluted acidic solution, which provides an efficient 
light scattering scheme. The light gets scattered by the textured front surface of the 
solar cell, which leads to a prolonged light path, and thus produces better photon 
absorption and an enhanced photocurrent density for thin-film solar cells. These surface 
textured AZO films on glass work as a good superstrate for the fabrication of high-






Chapter 3 Experimental Details 
3.1 Experimental methods 
This chapter describes the sample preparation procedures, characterisation techniques, 
optical modelling and simulation analysis methods used in this thesis, as summarised 
in Table 3.1. Three types of transparent conductive oxide materials – tin-doped indium 
oxide (ITO), intrinsic zinc oxide (iZO) and aluminium-doped zinc oxide (AZO) – are 
investigated in this work. The TCO films are prepared on 3 mm thick planar soda-lime 
glass sheets by magnetron sputtering. The bare glass substrates show good optical 
transmission (~93%) and a smooth surface (σrms < 3 nm). After deposition, the sputtered 
TCO films show good uniformity over an A3 size area (30 cm × 40 cm). 
Various characterisation techniques are extensively used throughout this thesis to 
assess the quality of TCO materials (electrical, optical, structural and morphological 
properties) for thin-film Si solar cell applications. The electrical carrier mobility and 
concentration of the TCO films are measured with the Hall effect method. The optical 
transmittance and reflectance spectra of the films are recorded with a UV-Vis-NIR 
spectrophotometer. X-ray diffractometry (XRD) and Raman spectroscopy are used to 
investigate the crystal structure. Scanning electron microscopy (SEM) and atomic force 
microscopy (AFM) are used for analysing the surface morphological properties of the 
texture-etched TCO films. 
In addition to these characterisation methods, a code programme based on MATLAB 
is developed for image processing and statistical analysis of the AFM data. Two 
commercial software packages, Spectroscopic Ellipsometry Analysis (SEA) and 
Coating Designer (CODE), are used for the dielectric modelling of AZO films and for 
the determination of the complex refractive index. Based on the optical modelling, a 
commercial semiconductor simulator, Advanced Semiconductor Analysis (ASA), is 
used for the device simulation studies of thin-film a-Si:H solar cells. 
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Table 3.1. Summary of thin film deposition methods, characterisation techniques and 




Materials Growth technique 
 
Aluminium-doped zinc 
oxide (AZO or ZnO:Al) 
Pulsed DC magnetron sputtering  
(dual cylindrical ceramic targets) 
 
Tin-doped indium oxide  
(ITO or In2O3:Sn) 
Pulsed DC magnetron sputtering  
(planar ceramic target) 
 
Intrinsic zinc oxide  
(iZO or i-ZnO) 
DC magnetron sputtering  
(planar metallic target) 
Substrate Soda-lime glass sheet (A3 size, 30 cm × 40 cm, 3 mm thick) 
Thin-film 
characterisation 
Properties Characterisation technique 
 Thickness 
Stylus profilometer 
Spectroscopic ellipsometry (SE) 
 Electrical properties 
Hall effect 
Four-point probe (4pp) 
 Optical properties 
Hazemeter 
Spectroscopic ellipsometry (SE) 
UV-Vis-NIR spectrophotometer 
 Structural properties 
X-ray diffractometry (XRD) 
Raman spectroscopy 
 Surface morphologies 
Scanning electron microscopy (SEM) 






Surface inclination angle MATLAB code programme 
 Refractive index 
Spectroscopic Ellipsometry Analysis (SEA) 
Coating Designer (CODE) 
 Solar cell performance Advanced Semiconductor Analysis (ASA) 
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3.2 Magnetron sputter deposition 
In this work, TCO thin films were deposited onto soda-lime glass sheets by an inline 
multi-chamber magnetron sputter machine at SERIS (FHR Anlagenbau GmbH, model 
Line540). Figure 3.1 shows a photograph and corresponding schematic set-up of the 
machine, which consists of two load-locks, one dedicated process chamber for metal 
layer deposition (process chamber 1) and another one for TCO and dielectric layer 
deposition (process chamber 2). The metal process chamber is equipped with a planar 
magnetron source with a metallic Zn target for reactive sputtering of intrinsic ZnO. The 
TCO process chamber is equipped with a cylindrical dual-magnetron source with two 
rotatable ZnO:Al2O3 (98:2 wt%) targets and a planar magnetron source with a 
In2O3:SnO2 (90:10 wt%) target for ceramic sputtering. 
 
Fig. 3.1. (a) Photograph and (b) schematic set-up of the inline multi-chamber 
magnetron sputter machine at SERIS. 
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Figure 3.2 illustrates the deposition process of magnetron sputtering using dual 
rotatable targets. Prior to deposition, the chamber is evacuated below a base pressure 
of below 10-6 mbar by means of turbo molecular pumps (the rotary pumps are used for 
pre-vacuuming). During the deposition, sputtering gases (e.g., Ar, O2) are introduced 
into the process chamber, and the gas flow is regulated by mass flow controllers 
(MFCs). The plasma excitation is powered by a pulsed DC source (50 or 100 kHz) 
instead of conventional DC power. This pulsed plasma excitation allows a stable 
deposition process at a high power level. When the plasma is off, the discharge voltage 
is reversed to neutralise the target surface and thus dramatically reduces the arc issues. 
 
Fig. 3.2. Schematic diagram of the sputter deposition process using dual rotatable 
cylindrical targets excited by a pulsed DC power. 
To improve the film crystallinity, the substrate is indirectly heated from the rear by 
resistive heaters arranged on the chamber wall. All depositions are carried out in the 
 37 
 
dynamic mode (i.e., moving substrate). The glass sheet is vertically attached (i.e., 
portrait format) on a moving carrier and oscillates in front of the sputter cathodes for a 
number of passes to reach the desired film thickness. This multiple-pass deposition 
potentially reduces the formation of pinholes and thus benefits the subsequent post-
deposition wet-chemical etching process [104, 105]. 
During sputtering, the cylindrical targets keep rotating at a constant speed of 10 rpm. 
Compared to conventional planar targets [see Fig. 3.3(a)], cylindrical targets [see Fig. 
3.3(b)] can greatly improve the target utilisation from 25–30% to ~80%, by avoiding 
the target erosion issues [106]. As a result, the target lifetime increases and the material 
costs decrease. In addition, the better cooling scheme of cylindrical cathodes enables 
to apply higher power densities (working power) during deposition and consequently 
enables to achieve higher deposition rates. The major drawbacks of using cylindrical 
target are the complexity of the equipment design and the more expensive target 
manufacturing methods. 
 
Fig. 3.3. Schematic diagrams in cross-sectional view of (a) a planar magnetron 
sputtering cathode and (b) a cylindrical magnetron sputtering cathode. 
3.3 Characterisation techniques 
High-quality TCO electrodes are crucial for the fabrication of high-efficiency thin-film 
solar cells. To evaluate and better understand the performance of TCO films, various 
characterisation methods are employed to assess the material characteristics of the thin-
film coatings, including layer thickness, electrical properties, optical properties, 
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crystalline and structural properties, and surface-etched texture morphologies. The 
most important TCO characterisation techniques are briefly explained in the following, 
from Section 3.3.1 to 3.3.8. 
3.3.1 Thickness measurement 
In this work, TCO thin films were deposited on planar soda-lime glass sheets by 
magnetron sputtering. The growth behaviour, film properties and crystallinity of 
sputter-deposited TCO films greatly depend on the as-grown layer thickness [107, 108].  
Thus it is important to accurately obtain the desired layer thickness of the thin-film 
coatings. Before deposition, a mesa or step was constructed by using a Kapton 
polyimide silicone tape to mask a small region of the glass surface. Once the deposition 
is done, the masking tape would be removed for measurements. The film thickness (d) 
was measured by a surface stylus profiler passing through the masked height step 
region (Veeco, Dektak 150), see Fig. 3.4. In addition to the stylus measurement, the 
layer thickness can also be obtained from fitting the measured UV-Vis spectrometry 
and/or ellipsometry data (see Section 7.2 of Chapter 7). 
 
Fig. 3.4. Schematic diagram of a typical stylus profiler measurement. 
3.3.2 Electrical characterisation 
3.3.2.1 Four-point probe method 
The sheet resistance value is commonly used to represent the lateral conductance of a 
thin-film coating. It is well known that the sheet resistance measured by a simple two-
point probe method greatly suffers from the effect of parasitic resistance (e.g., probe 
resistance, probe contact resistance and spreading resistance) [109]. Hence in this work, 
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the sheet resistance of the TCO films was measured by a four-point probe (Napson 
CRESBOX). In this method, the current is applied through the two outer probes while 
the voltage is measured across the two inner probes, see Fig. 3.5. Taking the geometry 
factor into account, the semiconductor sheet resistance is obtained via [110]: 








    (3.1) 
where Rsh is the sheet resistance, I is the current carried by the two current carrying 
probes, V is the voltage measured from the middle two voltage probes, and 4.53 is the 
commonly used geometry correction factor for the standard dual configuration of four-
point probe measurement. 
 
Fig. 3.5. Schematic diagram of a typical four-point probe measurement. 
3.3.2.2 Hall effect method 
In order to better understand the electrical properties of the thin-film coatings, the 
carrier concentration and mobility of the TCO materials should be accurately known, 
which can be obtained by the Hall effect method. During the Hall measurement, an 
electrical current flows through the film in x-direction. Meanwhile a magnetic field is 
perpendicularly applied on the sample along z-direction, exerting a transverse Lorentz 
force. Under such circumstances, charges gradually build up at the sides of the film, 
and creates an inside electric field (y-direction) which completely compensates the 
Lorenz force. This Hall voltage is recorded to deduce the Hall coefficient via [111]: 





                                                     (3.2) 
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where RH is the Hall coefficient (given in a unit of m3/C), VH is the measured Hall 
voltage, B is the magnitude of the magnetic field and I is the injected current. The Hall 
voltage also reveals the material type of the semiconductor by the polarity (a positive 
value means p-type material, and vice versa for n-type material). For an n-type 
semiconductor (e.g., AZO), the Hall carrier concentration (nH) is given by: 






                                                    (3.3) 
The Hall carrier mobility (µH) is given by: 








                                            (3.4) 
For homogenous samples, the material resistivity (ρ) equals the product of sheet 
resistance (Rsh) and layer thickness (d) via: 
        shR d                                               (3.5) 
In this work, the electrical properties of the TCO films were characterised by a Hall 
system (Bio-Rad/Accent, HL5500) in the van der Pauw configuration [112]. A small 
square-shaped (1 cm × 1 cm) sample was prepared for the Hall measurements, as shown 
in Fig. 3.6. Electrical contacts were made sufficiently small to each of the four corners 
by soldering a small dot of indium pellets, which ensured good ohmic contact between 
the probes and the TCOs. 
 
Fig. 3.6. Schematic diagram of a typical sample structure for Hall effect measurement 
prepared in the van der Pauw configuration. 
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3.3.3 Optical UV-Vis-NIR spectrophotometer 
In this work, the optical properties (transmittance and reflectance spectra) of the TCO 
films were characterised by use of a double-beam UV-Vis-NIR spectrophotometer 
equipped with an integrating sphere (Perkin Elmer Lambda 950 or Agilent Cary 7000). 
In this spectrophotometer, a double monochromator is used to select a specific 
wavelength originating from deuterium and tungsten halogen light sources. The mono-
chromatic light is then chopped and split into two beams (one for the reference and the 
other for the sample) before entering the integrating sphere. 
For total transmittance (T or Ttotal) measurements, the sample was placed in front of the 
integrating sphere while a white standard plate was used as a back reflector to cover 
the reflectance port, see Fig. 3.7(a). For diffuse transmittance (Tdiff) measurements, the 
reflectance port at the rear was left open, thereby letting the specular light escape from 
the sphere, see Fig. 3.7(b). In this way, only the diffuse transmitted light is measured. 
For total reflectance (R or Rtotal) measurements, the sample was placed at the reflectance 
port behind the integrating sphere, with a tilt angle of 8°, see Fig. 3.7(c). In this way, 
only the light reflected back from the sample was recorded. For diffuse reflectance (Rdiff) 
measurements, the specular light port was open to exclude the specular light component, 
see Fig. 3.7(d). 
It should be noted that the glass side of the samples was placed facing the incident light 
beam for all the measurements, as what occurs in superstrate solar cell devices. In 
addition to the spectrophotometric measurements, visible transmission and haze values 
(approximately in the 350–700 nm range) of the textured TCO films were also recorded 
with a hazemeter (BYK-Gardner, haze-gard plus) to quantitatively evaluate the optical 
performance. Taking the initial light intensity as unity, the absorbance (A) of the 
measured film can be calculated by subtracting the values of total transmittance and 
reflectance, as given by: 
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    A = 1 – T − R                                              (3.6) 
The light trapping ability directly depends on the surface features, including the crater 
sizes, heights, shapes and roughness of the textured TCO films. Nonetheless, there still 
exists no coherent correlation between the surface topography and the resultant light 
trapping behaviour in the thin-film solar cell. One commonly used criterion to 
distinguish the light scattering properties of various surface morphologies of textured 
TCOs is the transmission haze value. Transmission haze is defined as the intensity of 
the forward scattered light (diffusive transmitted light) compared to the total light 
intensity passing through the sample (total transmission), and the total light intensity 
equals the sum of diffuse transmitted and specular transmitted light (Tspec), as follows: 






   

                (3.7) 
 
Fig. 3.7. Schematic diagrams of a typical configuration for (a) total transmittance, (b) 
diffuse transmittance, (c) total reflectance, and (d) diffuse reflectance measurement by 
a UV-Vis-NIR spectrophotometer equipped with an integrating sphere. 
 43 
 
3.3.4 Spectroscopic ellipsometry (SE) 
Spectroscopic ellipsometry (SE) is an optical technique with high sensitivity for the 
analysis of thin-film coatings. It has been widely used to characterise the surface 
roughness and material composition of various films, including multilayer coatings. 
Figure 3.8 shows a typical set-up of a spectroscopic ellipsometry instrument. Randomly 
polarised light is emitted by a light source and subsequently becomes linearly polarised 
through a polariser before reaching the sample. After being reflected from the sample 
surface, the incident light becomes elliptically polarised. The shape of the ellipse 
represents the phase changes that are different for electric field components polarised 
parallel (p-polarisation) and perpendicular (s-polarisation) to the plane of incidence. 
Instead of directly yielding the parameters of interest, ellipsometry measures these 
polarisation changes (Ψ and Δ) of the reflected light. The measured values are 
determined from the ratio of the amplitude reflection coefficients for p- and s-
polarisations via: 






                                     (3.8) 
where ρ is the ellipsometric ratio, rp and rs is the reflection coefficients in p and s 
directions, Ψ is the amplitude ratio and Δ is the phase shift [113]. By utilising 
appropriate optical/dispersion models, physical information (e.g., optical constants and 
film thickness) of the sample can be accurately determined via fitting of the measured 
ellipsometry data. 
In this work, SE measurements were carried out on a rotating analyser ellipsometry 
(SemiLab, SE-2000). The ellipsometric data (Ψ and Δ) were acquired at two different 
angles of incidence (56° and 65°) over the wavelength range from 300 to 1200 nm. The 
incidence angles were chosen close to the Brewster angle of the sample to ensure a 




Fig. 3.8. Schematic set-up of a spectroscopic ellipsometry instrument. 
3.3.5 X-ray diffraction (XRD) 
X-ray diffraction (XRD) is one of the most effective techniques to analyse the structural 
properties of crystalline thin-film coatings. XRD is widely used for the identification 
of material compound, the characterisation of crystallographic quality and orientation, 
and the determination of crystalline phase. 
Figure 3.9 compares the two most commonly used XRD configurations, Bragg-
Brentano (so-called θ-2θ) geometry and grazing incidence geometry [114, 115]. The 
Bragg-Brentano method is typically used for highly crystalline samples with preferred 
orientation while the grazing incidence method is good for characterising thin-film 
coatings due to high surface sensitivity. An X-ray beam is generated from the 
bombardment of highly energetic electrons on the target, exhibiting a characteristic Kα 
line. After passing through the filter and aperture, the X-ray light irradiates on the 
sample surface at a defined inclination angle. These scattered X-ray waves are received 
and analysed by the detector. For Bragg-Brentano XRD, the sample rotates by an angle 
of θ while the detector moves by an angle of 2θ to keep the mirror geometry. In contrast, 
the grazing incidence XRD is performed at very a low incident angle to maximise the 
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signal from the thin film layers. Both the incidence angle and the substrate are fixed 
while only the detector moves during the scan. 
 
Fig. 3.9. Schematic diagrams of X-ray diffractometer measurement set-up in a typical 
(a) Bragg-Brentano configuration, and (b) grazing incidence configuration. 
The position, width and intensity of the XRD peaks contain certain structural 
information of the studied thin-film materials. For instance, the average crystallite grain 
size is generally related to the full width at half maximum (FWHM) of the primary 
diffraction peak, and is calculated by the well-known Scherrer formula [116-118], as 
given by: 









                                (3.9) 
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where D is the crystallite size, K is the shape factor which has a typical value of around 
0.9, λ is the X-ray wavelength, B is the line breadth of FWHM in radian, and θB is the 
Bragg angle in degrees. It should be noted that the lattice distortion such as defects and 
strain affect the calculated size [119]. The shifts in the peak position from reference 
values to lower angle could indicate a larger lattice constant, and vice versa [120]. 
In this work, an X-ray diffractometry (XRD; Bruker D8 Diffractometer) with Cu Kα 
radiation source (λ = 1.5406 Å) was used to determine the crystallographic orientation 
of TCO samples. This machine used a standard setting for continuous scans. The 
maxima of the intensity diffraction spectrum would correspond to the crystalline plane 
orientations parallel to the sample substrate. Table 3.2 gives the reference XRD peak 
data for hexagonal wurtzite ZnO power (ICDD-PDF No. 01-075-1533). 
Table 3.2. Reference XRD data for wurtzite ZnO power from ICDD-PDF No. 01-075-




d-spacing (Å) 2θ value (°) 
Normalised 
intensity 
1 (100) 2.902 30.786 56.8 
2 (002) 2.613 34.291 36.7 
3 (101) 2.537 35.350 100 
4 (102) 1.942 46.743 19.3 
5 (110) 1.676 54.741 30.0 
6 (103) 1.494 62.093 24.4 
7 (200) 1.451 64.129 3.9 
8 (112) 1.410 66.208 19.4 
9 (201) 1.398 66.866 10.3 
10 (004) 1.307 72.256 1.4 
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3.3.6 Raman spectroscopy 
Raman spectroscopy is a versatile tool for characterising vibrational properties of thin-
film coatings, which also serves as good complements to the XRD analysis [122]. This 
technique involves shining a focused laser light on the sample surface and detecting 
the scattered light. The sample interacts with the incident light via photon absorbing 
and emitting process. This inelastic scattering either shifts up or down the frequency of 
the emitted photons compared to that of the incident photons, which is called the Raman 
effect, see Fig. 3.10. This Raman-scattered light (usually Stokes transition) can be 
described as a function of the Raman shift expressed in wavenumber (cm-1) via: 
            ΔνRaman-shift = νLaser − νScattered                                 (3.10) 
where ΔνRaman-shift is the Raman shift (also known as Raman frequency) in wavenumber, 
νLaser is the wavenumber of the incident laser light and νScattered is the wavenumber of 
the scattered light detected by the spectroscopy. 
 
Fig. 3.10. Schematic diagrams of Rayleigh (elastic) and Raman scattering (inelastic) 
behaviours. 
In this work, a micro-Raman spectroscopy (Renishaw inVia Raman Microscope) was 
used to characterise the TCO films in a backscattering configuration. A green Ar+ laser 
(λ = 514 nm, νLaser = 19455 cm-1) was utilised as the light source. During measurements, 
the sample’s surface is illuminated by a focused laser beam with a diameter of around 
2 to 3 µm. Optical filters (holographic notch filters) were used to eliminate the Rayleigh 
scattered light. The Raman spectrometer detects and analyses the laser light scattered 
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by the sample. Table 3.3 shows the typical Raman-active optical phonon modes in ZnO 
as the reference (for further details, see Section 5.3 of Chapter 5). 
Table 3.3. Reference Raman-active optical phonon modes in ZnO. Data taken from 
Refs. [123, 124]. 







3.3.7 Scanning electron microscope (SEM) 
A scanning electron microscope (SEM) is a valuable tool which enables surface 
observation and characterisation of materials on a micrometre (μm) to nanometre (nm) 
scale, by using a focused beam of energetic electrons to probe the sample surface. 
During scanning, the incident electrons interact with the atoms at or close to sample 
surface. As a result, secondary electrons, backscattered electrons, characteristic X-rays, 
cathodoluminescence (CL) and other signals are generated, see Fig. 3.11. 
The SEM technique mainly exploits the secondary electrons (SE mode) or 
backscattered electrons (BSE mode) to form the topographic images. The former are 
only produced at or near surface and thus very topography related. Consequently, the 
surface feature of the sample is presented in the image composed of secondary electrons. 
In contrast, the number of backscattered electrons greatly depends on the atomic mass, 
and thus the reconstructed image of backscattered electrons reflects more information 




Fig. 3.11. Schematic of typical electron interactions with sample’s surface during SEM 
operation. 
In this work, the surface morphologies of the textured TCO films were investigated by 
SEM (Carl Zeiss Auriga-39-35) and field emission SEM (FE-SEM; JEOL, JSM-
7600F). The electron energy was set at around 5–7 keV under a working distance of 10 
mm or less. The magnification varied from 10x to more than 25,000x. In addition to 
topography, SEM also enables a cross-sectional observation of the layer thickness and 
the structural properties of the thin-film coatings. 
3.3.8 Atomic force microscope (AFM) 
Atomic force microscope (AFM) is capable of imaging the surface topography with 
extremely high magnification in three dimensions (3D) [125]. A sharp nano-sized tip 
made up of SiC, attached to the free end of a cantilever, is used to probe the surface 
morphology. Most of the AFM measurements are operated in either contact, non-
contact or tapping mode. Figure 3.12 illustrates the operating principle of AFM 
measurement in tapping mode. During the raster scanning, the tip continuously 
oscillates at its resonance frequency while maintaining constant amplitude. The surface 
interacts with the tip and causes either attractive or repulsive forces as the surface 
features change, which results in a positive or negative bending of the cantilever. At 
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the meantime, a laser light is incident on the back of the cantilever and the light deflects 
differently according to the bending. High-resolution topographic images are 
constructed by means of these measured light deflections. During the scanning, a 
feedback loop control system is used to preserve cantilever motions while maintaining 
the tip-sample distance. 
 
Fig. 3.12. Schematic diagram of a typical AFM measurement in tapping mode. 
In this work, the surface morphologies of textured TCO films were also characterised 
by tapping mode AFM measurements (Veeco, NanoScope D3100), which enables 
better understandings of the textured features such as the surface height and inclination 
angle (see Section 3.4.1). All the measurements were carried out in the central region 
of the samples. The scanning area was fixed at 10 μm × 10 μm and the corresponding 
AFM image consists of 512 × 512 data points. The surface roughness level of the thin 












                                                (3.11) 
where σrms is the RMS surface roughness, n is the number of data point recorded, Zi is 
the current height, and 𝑍 is the mean surface height. 
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3.4 Simulation analysis  
3.4.1 Surface inclination angle 
The analysis of the haze value (as described in Eq. 3.7 and in Section 3.3.3) alone is 
insufficient to assess the light scattering ability of textured TCO layers [126]. Surface 
structural information (e.g., feature height and inclination angle) must also be taken 
into consideration when evaluating the light trapping potential in the real solar cells 
[127]. Chemically etched ZnO films generally have a crater-like texture structure. The 
diameter of the crater, depending on the texturing condition, may vary from 400 to 
2000 nm, heights of up to 500 nm and RMS surface roughness from tens of nanometres 
up to a couple of hundreds nanometres. In addition, the mean inclination angle of the 
surface texture also varies from less than 10° to as large as 60°, depending on the 
texturing process. Figure 3.13 shows a typical AFM scan of a chemically etched ZnO 
surface with crater-like texture features and corresponding simplified diagram showing 
the inclination angle (α) and opening angle (γ) of the crater feature. The inclination 
angle is considered as isotropic around the crater, and thus the opening angle is related 
to the inclination angle via: 
             γ = 180° − 2α                                            (3.12) 
 
Fig. 3.13. (a) AFM scan of an etched ZnO surface with crater-like texture features, and 




In this work, statistical analysis of the surface height and inclination angle of textured 
AZO samples was carried out based on the AFM measurements and processed by a 
simple algorithm based on MATLAB code [128-130]. Each AFM image consists of 
512 × 512 data points, and each data pixel contains the local height information. 
Consider the pixel in the centre (as illustrated in Fig. 3.14), vector one (V1, vertical 
tangent vector) and vector two (V2, horizontal tangent vector) connect the central pixel 
with its neighbouring pixels, which describes the orientation of the planar surface of 
the central pixel. Vector three (V3) is perpendicular to the studied surface, thus 
calculated by the cross product of V1 and V2 via: 
                         V3 = V1 × V2                                               (3.13) 
Based on these vectors, the inclination angle is calculated as the angle between the 
normal vector (V3) of the plane in respect to the z-axis (the axis perpendicular to the 
mean surface level, represented by vector Z). The angle distributions of the surface 
textures are then statistically analysed and quantified into a histogram with 5-degree 
increment steps. The literature suggests that a surface angle distribution centred at 
about 22.5–30° could provide effective light trapping for thin-film Si solar cell 
applications [130, 131]. 
 
Fig. 3.14. Definition of the vectors and surface inclination angle processed in the 
MATLAB code programme for AFM data analysis. 
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3.4.2 Derivation of refractive index 
Accurate determination of the complex refractive index of TCO films is essential for 
the device performance simulation and design optimisation of thin-film Si solar cells. 
In this work, the optical constants were derived based on spectroscopic ellipsometry 
(SE) and transmittance and reflectance spectrometry (UV-Vis) data. The curve fitting 
process was carried out using two software packages, Spectroscopic Ellipsometry 
Analysis (SEA, WinElli3) for SE data and a commercial optical fitting software 
Coating Designer (CODE) for UV-Vis data [132]. Details about the dielectric 
modelling and derivation methods are discussed in Section 7.2 of Chapter 7. 
3.4.3 Commercial thin-film Si solar cell simulator ASA 
In this work, the device level performance was simulated based on a commercial thin-
film Si solar cell simulator, Advanced Semiconductor Analysis (ASA), developed at 
Delft University of Technology (TUD) [133]. As a one-dimensional (1D) steady-state 
semiconductor device simulator, ASA is especially designed for simulating thin-film 
Si solar cells based on appropriate electrical and optical models. The most important 
optical input parameters are the refractive index, spectral and angular dependence of 
the light scattering in order to accurately simulate the device performance of thin-film 
Si solar cells. Details about the optical scattering modelling and ASA simulation 
studies are discussed in Sections 7.3 and 7.4 of Chapter 7, respectively. 
3.5 Chapter summary 
This chapter briefly described the fabrication of TCO samples, relevant 
characterisation techniques, optical modelling and device simulation analysis methods 
involved in the thesis. Three TCO materials (ITO, iZO and AZO) were deposited on 
planar soda-lime glass sheets in an inline multi-chamber magnetron sputter machine. 
A stylus profiler was used to directly measure the film thickness of the TCO coatings. 
The electrical properties were measured via four-point probe and Hall effect methods. 
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The optical properties were characterised by use of a double-beam UV-Vis-NIR 
spectrophotometer and by a spectroscopic ellipsometry. The crystalline and structural 
properties were investigated by XRD and Raman microscopy. Surface morphologies 
of textured TCO films were observed by SEM and AFM measurements. A MATLAB 
programme code was utilised to process the AFM data and statistically analyse the 
surface texture features. The refractive indices of the TCO films were derived from 
curve fitting of the SE and UV-Vis data. The device performance of thin-film a-Si:H 










Chapter 4 Surface Texturing Studies of AZO Films* 
4.1 Chapter introduction 
Transparent conductive oxide front electrodes are extensively utilised in thin-film Si 
solar cells. Compared to wafer-based Si solar cells, thin-film PV devices have a very 
thin active absorber layer, which is insufficient for absorbing a large fraction of the 
incoming solar photons [41]. Therefore the front TCO layer requires a rough surface 
texture to scatter incident light into the absorber layer. An efficient light management 
scheme leads to an elongation of the optical path length in the device and thus higher 
chances of photon absorption [42]. As a result, the short-circuit current density (Jsc) 
and the power conversion efficiency of the thin-film photovoltaic devices can be 
increased considerably. In comparison to other TCOs (e.g., FTO and ITO), AZO films 
have received more attention due to efficient light scattering capabilities contributed 
by large-sized features obtained from the surface texturing process [134-137]. 
For sputter-deposited AZO films, the surface texture is usually obtained through a post-
deposition wet-chemical etching process (resulting in crater-like structures) in weak or 
diluted acidic solutions [138], including hydrochloric acid (HCl), nitric acid (HNO3), 
phosphoric acid (H3PO4), ammonium chloride (NH4Cl), oxalic acid (C2O4H2), acetic 
acid (CH3COOH) and hydrofluoric acid (HF) [92, 97, 99, 102, 139-141]. Conventional 
AZO texturing is based on a single-step etching process using diluted HCl aqueous 
solution (e.g., 0.5%) [96, 142]. The standard HCl-etched AZO surface commonly has 
some lateral uniformity issues due to the inhomogeneous attack by the HCl acid, 
regardless of the used HCl concentration [98, 143]. The appearance of small holes is 
also often observed after HCl etching, which may cause shunting issues for the solar 
cells [143]. It has been reported that HF etching of AZO films is more uniform than 
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HCl etching [98]. As a weak acid, HF tends to only slightly dissociate in water. 
Undissociated HF molecules are relatively small compared to the water hydronium 
clusters (e.g., H3O+), and thus can penetrate deep into the grain boundaries before the 
start of the chemical reaction [139]. In contrast, HCl fully dissolves in water and forms 
lots of large hydronium clusters. Therefore HF is able to create a higher density of 
attacking points than HCl, which contributes to more homogenously etched textures 
and better light scattering [144]. 
 
Fig. 4.1. Fishbone diagram of the important parameters and factors used for the surface 
texturing experiment of AZO films. 
In this chapter, the surface texturing process of sputtered AZO films is studied in detail, 
focusing on the two-step and mixture texturing procedures by using both the strong 
acid HCl and the weak acid HF. Figure 4.1 summaries the most important parameters 
and factors considered in these surface texturing experiments. As discussed above, HCl 
is the most widely used strong acid for AZO texturing, while HF is a weak acid and 
thus produces a significantly different AZO texture compared to HCl etching. The idea 
behind the modified texturing process is (i) to improve the lateral uniformity of HCl-
induced surface textures and (ii) to further enhance the light scattering capabilities of 
the AZO films via HF etching. 
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To better control the etching process, the acid concentration was highly diluted to either 
0.5% or 1%. The etching time was varied to cover all three etching stages: under-etched, 
well-etched, and over-etched. All these etching processes were carried out at room 
temperature instead of an elevated temperature, in order to reduce the volatility issue 
of HCl acid. 
With regard to the etching procedure, four different surface texturisation processes 
were analysed: (i) single-step HF etching procedure, (ii) two-step etching procedure 
using HF and then HCl acid (i.e., etching in a weak acid followed by etching in a strong 
acid), (iii) two-step etching procedure using HCl and then HF acid (i.e., etching in a 
strong acid followed by etching in a weak acid), and (iv) single-step etching procedure 
using mixed HCl-HF acids (i.e., etching in a mixed solution made up of a strong and a 
weak acid). The AZO etching processes and the resultant texture-etched morphologies 
were compared with the standard HCl etching as the reference. 
4.2 Sample preparation 
AZO films were prepared on planar soda-lime glass sheets by an inline multi-chamber 
magnetron sputter machine. Soda-lime glass is relatively inexpensive and thus is the 
most prevalent type of glass used in many applications includes thin-film solar devices. 
Dual cylindrical ZnO:Al2O3 (98:2 wt%) rotatable ceramic targets were used for the 
deposition. The applied power for each cathode was kept constant at 2.0 kW. Before 
processing, the glass substrates were pre-cleaned manually by using isopropyl alcohol 
(IPA), followed by a thorough cleaning with detergent and deionised (DI) water rinse 
in a laboratory glassware washer (Miele, G7883CD) to remove both organic and 
inorganic contaminations at the glass surfaces. During deposition, the process chamber 
was indirectly heated by resistive heaters to a high temperature of 350°C, (the 
corresponding substrate temperature was maintained at about 190  5 °C). Prior to or 
after the sputtering, the glass substrates were pre/post-heated for 10/5 minutes to ensure 
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uniform heating of the samples. The chamber pressure was maintained constant at 
~3×10-3 mbar by introducing pure argon and oxygen-diluted argon (1% O2 and 99% 
Ar) as processing gases via mass flow controllers at constant flow rates of 155 and 50 
sccm, respectively. The deposition was carried out in the dynamic mode. Namely the 
glass sheet was vertically attached on a moving substrate carrier and allowed to 
oscillate for 18 times in front of the AZO sputter cathodes, at a moving speed of 10 or 
15 mm/s, in order to achieve certain film thickness. Meanwhile the targets kept rotating 
at a constant speed of 10 rpm. This multiple-pass deposition improves the film 
crystallinity, potentially reduces the formation of pinholes and thus benefits the 
subsequent surface etching process [104, 105]. 
After deposition, the AZO-coated glass sheets were cut into 12 square pieces (each 10 
cm × 10 cm) for the wet-chemical surface texturing experiments. Figure 4.2(a) gives a 
typical texturing procedure (employed in this thesis work) for sputter-deposited AZO 
films. The resultant morphology depends on the etchant acid, etchant concentration, 
etching time, and processing temperature (room temperature in this case). To better 
control the etching process, the etchant acid was diluted with DI water. The chemical 
solution was stirred thoroughly to ensure a uniform concentration. During texturing, 
as-deposited AZO films were immersed into the etchant for a certain time to allow 
etching to proceed. To achieve better texturing properties, multi-step etching process 
may be optionally utilised (i.e., two-step texturing, see Section 4.4). Immediately after 
etching, the AZO films were thoroughly cleaned by DI water rinse to remove remaining 
chemicals adsorbed on the surface and then blown dry by using N2 gas gun. 
Figures 4.2(b, c) compare the typical appearance of as-deposited and texture-etched 
AZO films prepared at SERIS in this work. Sputter-deposited AZO film in as-deposited 
state is very transparent whilst surface texture-etched AZO film becomes milky-like 
due to the scattering of light. This milkiness can be described by use of the transmission 




Fig. 4.2. (a) A typical surface texturing procedure of magnetron-sputtered AZO films. 
Multi-step etching process may be optionally used to achieve better texturing properties. 
Corresponding photographs of (b) as-deposited and (c) texture-etched AZO films 
prepared at SERIS. 
4.3 HF texturing 
For HF texturing studies, AZO films were etched using either 0.5% or 1% diluted HF 
solutions, whereby the etching time was varied from 30 to 60, 90 and 120 s. The values 
at 0 s denote the initial properties of the as-grown AZO films. Although diluted HF 
solutions can still attack the glass substrates, the reaction proceeds at a very slow rate 
and barely affects the surface flatness of the glass sheets [98]. Hence, the effect of glass 




Fig. 4.3. Variation of visible transmission, haze value and sheet resistance of surface 
textured AZO films as a function of the etching time, using (a) 0.5% HF, and (b) 1% 
HF solution. 
 
Fig. 4.4. (a,b) Optical transmittance (solid line) and absorbance (dash line), and (c, d) 
haze as a function of wavelength for HF textured AZO films by (left) 0.5% HF etching, 
and (right) 1% HF etching. Arrows indicate the trends for increasing HF etching time. 
During etching process, it was observed that the etching rate of 1% HF is much higher 
than that of 0.5% HF. As a result, due to the thickness reduction, the AZO’s sheet 
resistance significantly increases from initial 3.8 Ω/sq to 9.8 Ω/sq for 0.5% HF etching 
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[see Fig. 4.3(a)], and to 13.5 Ω/sq for 1% HF etching [see Fig. 4.3(b)]. Figure 4.4 
further compares the spectral transmittance, absorbance and haze value of AZO films 
textured using 0.5% or 1% HF solutions. For 0.5% HF texturing, the haze value greatly 
increases from less than 1% to 34% (at 600 nm wavelength) after etching for 60 s, and 
then gradually increases to 44% when extending the etching time to 120 s [see Fig. 
4.4(c)]. Whereas the haze value is found to be saturated after one-minute etching in 1% 
HF solution [see Fig. 4.4(d)]. A very high haze value of 54% at 600 nm wavelength 
was obtained for the AZO films etched in 1% HF for 60, 90 and 120 s. With regard to 
the film transmission [see Figs. 4.4(a, b)], the decrease in transmission with increasing 
etch time at short wavelengths is due to additional light being trapped inside the AZO 
layer (i.e., internal reflection), while the increase at longer wavelengths is associated 
with reduced free carrier absorption. 
Figure 4.5 compares the resultant surface morphologies and chemical etching processes 
between HF-etched films and standard HCl-etched films. In terms of morphological 
properties, solely HF etching uniformly introduces a large number of small-but-jagged 
surface features with average lateral size ranging from 100 to 200 nm. This jagged 
topography was caused by deep penetration of undissociated HF molecules. Due to the 
small molecular size, HF can penetrate deep inside the AZO crystalline grains before 
the chemical reaction, which leads to porous-like jagged surface features. Despite good 
light scattering, the jagged film could significantly affect the movement of carriers and 
thus resulting in deteriorated electrical conductance. In addition, it is difficult to grow 
a crack-free absorber on this jagged morphology. Hence the texturisation of AZO using 
HF alone is not such an ideal process to be used in thin-film Si solar cells. 
In contrast, the HCl acid completely dissociates into the aqueous solution and form lots 
of large hydronium ions. The chemical texturing initiates from the grain boundaries 
which have the highest etch potentials. During the texturing process, the large ion size 
of the hydronium clusters could affect the diffusion of the etchants from the etched 
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pores at the grain boundaries. This limited mass transport reduces the vertical etching 
rates and thus leads to lateral etching of the AZO films. The competition between lateral 
and vertical etching process results in large crater-like structures and thus determines 
the exact shape (i.e., feature size, angle and roughness) of the craters on AZO’s surface. 
 
Fig. 4.5. SEM micrographs of HF-etched (left) and HCl-etched (right) AZO films, and 
corresponding schematic diagrams to illustrate the etching processes. HF etching 
induces small jagged features while HCl etching leads to large crater-like structures on 
textured AZO films. 
4.4 Two-step texturing 
For comparison, two sets of two-step etching experiments (different etching sequences) 
were carried out. In the first set, AZO films were textured using 1% HF for 20 s (step 
1) and then further etched using 0.5% HCl (step 2) from 0 to 40 s (noted as HF/HCl 
etching). For the second set, AZO films were textured using 0.5% HCl for 20 s (step 1) 
and then further etched using 1% HF (step 2) from 0 to 40 s (noted as HCl/HF etching). 
The as-grown AZO films used for the two-step texturing experiment show a low sheet 
resistance of 3.8 Ω/sq with a layer thickness of approximately 1.8 µm. After 20 s of HF 
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or HCl etching (step 1), both the sheet resistance increases to around 4.8 Ω/sq. After 
the second etching step, the corresponding sheet resistance further increases to 7.3 and 
7.5 Ω/sq, see Figs. 4.6(a) and 4.6(b), due to reduced film thickness. Using the layer 
thickness value obtained from UV-Vis fitting method, it is observed that the AZO 
etching rates in 0.5% HCl and 1% HF are approximately the same (~15–20 nm/s). This 
explains why the etching sequence seems to have little effect on the change of the sheet 
resistance value. 
 
Fig. 4.6. Variation of visible transmission, haze value and sheet resistance of two-step 
textured AZO films as a function of the second-step etching time, for (a) HF/HCl 
etching, and (b) HCl/HF etching. 
In contrast to the electrical performance, the optical properties are quite sensitive to the 
chemical etching sequence. The values measured with the hazemeter (see Fig. 4.6) well 
agree with the spectral variations measured with the UV-Vis-NIR spectrophotometer 
(see Fig. 4.7). Before texturing, these as-grown AZO films show a high visible 
transmission value fluctuating around 85% but virtually no scattering capabilities with 
a haze value of approximately 1%. With respect to HF/HCl etching, the first-step HF-
etched (for 20 s) AZO film yields a haze value of 14% at 600 nm wavelength. A 
maximum haze value of 31% is obtained after the second-step HCl etching for 20 s. 
Further etching in HCl above 30 s gradually deteriorates the haze value by up to 10% 
[see Fig. 4.7(c)]. An opposite trend is observed in the optical transmittance value [see 
Fig. 4.7(a)], which reduces from around 85% (as-grown) to a minimum value of 70% 
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at 600 nm when the second etching step (HCl) lasts 20 s, and then slightly bounces 
back to 73% while further etching to 40 s. 
A different scenario is observed for the reversed two-step etching sequence (HCl/HF). 
In this case the spectral profiles show that, with increasing duration of the second 
etching step (HF), the AZO films gradually become more scattering. The HCl-etched 
(for 20 s) AZO film shows a haze value of 22% at 600 nm wavelength, which gets 
increased to 54% when the second-step HF etching time increases to 40 s [see Fig. 
4.7(d)]. The film transmission into air slightly decreases from ~72% to 67% at 600 nm 
wavelength through the second-step HF etching from 0 to 40 s [see Fig. 4.7(b)]. At the 
same time, the NIR transmission starts to improve from ~900 nm wavelength due to 
reduced free carrier absorption for thinner AZO films. 
 
Fig. 4.7. (a, b) Optical transmittance (solid line) and absorbance (dash line), and (c, d) 
haze as a function of wavelength for two-step textured AZO by (left) HF/HCl etching, 




For both two-step etching processes (HF/HCl and HCl/HF), regardless of the duration 
of the second etching step, the transmission into air is only weakly affected and, at 
around 600 nm wavelength, generally lies in the narrow range of 70 ± 3 %, see Figs. 
4.7(a) and 4.7(b). It is also important to note that the actual value of the transmission 
into Si should be much higher than the value measured into air owing to a much high 
refractive index (n of ~4) of the thin-film Si material (discussed in more detail in 
Chapter 7). 
The SEM micrographs in Figs. 4.8(a-e) and Figs. 4.8(f-j) show the evolution of the 
AZO surface morphology during the second etching step, for the two investigated 
etching sequences. The schematic diagrams of Fig. 4.9 illustrate the corresponding 
etching processes of the AZO films. With regard to the HF/HCl sequence, the HCl 
etching step gradually removes a certain amount of HF-induced features while 
introducing HCl-induced craters to the textured AZO films, see from Figs. 4.8(b) to 
4.8(e). As a result, the corresponding optical haze value initially increases, then reaches 
a maximum, and then decreases again for etching times of more than 20 s. For 40 s of 
HCl etching [see Fig. 4.8(e)] a surface morphology is obtained which looks similar to 
that solely etched by HCl acid [see Fig. 4.8(f)]. In this case, further etching would over-
etch the AZO film by complete removal of these first-step HF-induced features. 
For the HCl/HF etching sequence, the corresponding morphological variations are 
shown from Figs. 4.8(f) to 4.8(j). The first-step HCl etching creates large crater features 
all over the surface. During the second-step HF etching, lots of small jagged HF-
induced features gradually evolve and superimposedly grow on top of the HCl-etched 
craters. Even after relatively long etching in HF (e.g., 40 s, which is twice as long as 
the duration of the first etching step in HCl), the textured surface still retains these HCl-
induced craters as the dominated features [see Fig. 4.8(j)]. Therefore, for strong light 
scattering capabilities, it is preferred to first use HCl to texture the AZO film, followed 
by etching in diluted HF to optimise the features and thus enhance the haze value. 
 66 
 
Around 20 or 30 s of second-step HF etching is sufficient to achieve good optical 
scattering, and further etching seems not to improve much anymore. A double-textured 
morphology has been observed for the two-step textured AZO films using HCl/HF 
etching sequence. From the SEM observation, it is also confirmed that the lateral 
uniformity of the surface textures benefits from the second-step HF etching, which also 
removes the sharp edges. 
 
Fig. 4.8. SEM micrographs of AZO films textured with the two-step etching sequences 
(left = HF/HCl etching, right = HCl/HF etching). (Left) 1% HF etching for 20 s and 
then 0.5% HCl etching for (a) 0 s, (b) 10 s, (c) 20 s, (d) 30 s, and (e) 40 s. (Right) 0.5% 
HCl etching for 20 s and then 1% HF etching for (f) 0 s, (g) 10 s, (h) 20 s, (i) 30 s, and 




Fig. 4.9. Schematic diagrams to illustrate the etching processes of AZO films textured 
with the two-step sequences (left = HF/HCl etching: 1st-step HF-induced features get 
lost when 2nd-step HCl etching for above the threshold time; right = HCl/HF etching: 
2nd-step HF-induced small features form on 1st-step HCl-induced large structures). 
Figure 4.10 further compares the AFM 2D topographic images [see Figs. 4.10(a-d)] of 
some selected AZO films textured with different etching procedures and corresponding 
processed images [see Figs. 4.10(e-h)]. To better understand the light scattering 
capabilities of these textured films, as described in Section 3.4.1, the measured AFM 
images were processed using a MATLAB code programme to determine information 




Fig. 4.10. Measured AFM images (top row) and MATLAB processed images (bottom 
row) of AZO films textured with (a, e) a single-step etch of HF for 20 s, (b, f) a single-
step etch of HCl for 20 s, (c, g) a two-step etch of HF for 20 s and HCl for 20 s, and (d, 
h) a two-step etch of HCl for 20 s and HF for 20 s. 
The feature height and angle distributions of the textured surface are then statistically 
calculated from the MATLAB processed images based on AFM data. Figures 4.11(a) 
and 4.11(b) show the height histograms of the AZO films textured with the two sets of 
two-step surface texturing methods. The HF-induced texture has a very narrow height 
distribution, while the additional HCl-etching broadens the height distribution for the 
HF/HCl etching sequence. In contrast, the second-step HF etching slightly widens and 
shifts the height distribution of HCl-etched film, for the HCl/HF etching. From the 
literature it is well known that a broad surface height distribution is beneficial for light 
trapping in thin-film Si solar cells, for a wide range of wavelengths [145]. In this case, 





Fig. 4.11. (a, b) Surface height distribution histograms, and (c, d) angle distribution 
histograms derived from AFM measurements and MATLAB processing for two-step 
textured AZO films using (left) 1% HF etching for 20 s and then 0.5% HCl etching 
from 0 to 40 s, (right) 0.5% HCl etching for 20 s and then 1% HF etching from 0 to 40 
s. 
Figures 4.11(c) and 4.11(d) compare the statistical distribution of the surface 
inclination angles of these two-step textured AZO films. Texturing in HF for 20 s 
results in an angle distribution that peaks at about 20°, see Fig. 4.11(c). Subsequent 
etching in HCl for 10 to 40 s gradually shifts the peak by 15–20 to the right and 
simultaneously widens the angle distribution. In contrast, first texturing in HCl yields 
a narrow distribution with a peak maximum at 30°. Subsequent etching in HF for 10 to 
40 s causes only slight changes to both the peak position (< 5) and the width of the 
distribution curve, see Fig. 4.11(d). As reported in the literature, effective optical 
scattering into thin-film Si solar cells requires surface texture angles distributed centred 




In addition to the surface height and angle, the feature size also plays an essential role 
in the light scattering process. One of the most commonly used methods to describe the 
surface features of the textured AZO films is to use the power spectral density (PSD) 
function [146, 147]. In this work, the two-dimensional (2D) isotropic PSD function is 
derived by the Fast Fourier Transform (FFT) of the AFM scans of the surface textured 
AZO films [146, 148] (discussed in more detail in Section 7.2 of Chapter 7). 
Figures 4.12(a, b) compare the distribution of the PSD function of the two-step textured 
AZO films. The inverse of the x-scale (spatial frequency) represents the lateral feature 
sizes of the surface texture morphologies, i.e. a low spatial frequency value represents 
a large lateral feature size. A higher PSD intensity indicates that the corresponding 
lateral feature size is more dominant in the textured surface. For efficient light 
scattering, the lateral feature size of the surface texture should be comparable to the 
effective wavelength of the light (λeff = λair/nAZO) [149], i.e., around 300 to 600 nm. It 
is clearly observed that the lateral size of the HCl-induced textures is much larger than 
that of the HF-induced textures, and the second-step etching can further expand the 
lateral size of the texture features. 
The PSD function can also provide an exact value to represent the surface morphology 
of the textured films, such as the root-mean-square (RMS) roughness (σrms) and the 
autocorrelation length (τcl), as shown in Figs. 4.12(c, d). The RMS roughness represents 
how rough the textured surface is, and the autocorrelation length corresponds to the 
average lateral size of the randomly textured surface [150]. The two-step textured AZO 
films prepared by HF and then HCl etching tend to have a relatively small lateral size 
of around 150 nm, attributed to the small HF-induced textures. In contrast, the AZO 
films textured by HCl etching for 20 s and then HF etching for 30 or 40 s show a good 
average lateral feature size of around 340 nm, comparable to the effective scattering 
feature sizes. In addition, the RMS roughness of such two-step textured AZO films is 
around 100 nm, which is in the acceptable range for solar cell fabrication. It should be 
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noted that excessive surface roughness will cause shunting issues in solar cell diodes 
during the thin-film Si deposition. 
 
Fig. 4.12. (a, b) Power spectral density (PSD) function, and (c, d) corresponding 
autocorrelation length (τcl) and RMS roughness (σrms) value derived from AFM 
measurements for two-step textured AZO films using (left) 1% HF etching for 20 s and 
then 0.5% HCl etching from 0 to 40 s, and (right) 0.5% HCl etching for 20 s and then 
1% HF etching from 0 to 40 s. 
4.5 HCl-HF mixture texturing 
The purpose of AZO texturing using a mixed HCl-HF acid solution is to combine the 
advantages of the large craters resulting from HCl etching and the smaller – but 
laterally more uniform – HF-induced features in single processing step. The etching 
characteristics were analysed by varying the acid composition of the mixed solution. 
For comparison, the HCl concentration was varied from 0 to 1% whereby kept HF 
concentration constant at 1%, or varied HF concentration from 0 to 1% whereby fixed 
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HCl concentration at 0.5%. An etching time of 30 s, typical for texture etching of AZO 
films in 0.5% HCl [151], was used for texturing in the mixed HCl-HF acid. 
The AZO films used for this experiment have an as-deposited layer thickness of around 
1.0 µm and a sheet resistance of around 8.5 Ω/sq. When the HCl concentration 
increases from 0 to 1% (with fixed 1% HF), the etching rate gradually increases from 
around 5 to 12 nm/s. Meanwhile the corresponding sheet resistance of the resultant 
AZO films increases from 11.4 to 20.6 Ω/sq, see Fig. 4.13(a). In contrast, the etching 
rate increases from 5 nm/s and then stabilises at around 10 nm/s with increasing HF 
concentration from 0 to 0.4% and above in the mixed HCl-HF solution (with fixed 0.5% 
HCl). The corresponding AZO’s sheet resistance increases from 12.6 Ω/sq to the 
saturation value of about 19 Ω/sq, see Fig. 4.13(b). 
 
Fig. 4.13. Variation of visible transmission, haze value and sheet resistance of AZO 
films textured in an HCl-HF mixture solution as a function of (a) the HCl concentration 
(whereby the HF concentration was kept fixed at 1%), and (b) the HF concentration 
(whereby the HCl concentration was kept fixed at 0.5%). 
Figure 4.14 shows the variation of the optical performance measured for the HCl-HF 
textured AZO films with varied HCl or HF concentration. It can be seen that the visible 
transmittance of the mixture textured AZO is relatively insensitive to the variation of 
the HCl concentration (whereby fixed 1% HF concentration) and the transmittance 
enhancement in the NIR range is primarily due to reduced free carrier absorption from 
the reduced film thickness [see Fig. 4.14(a)]. While for the light scattering capabilities, 
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with increasing HCl concentration, the haze value gradually increases from 19% to 
around 40 % at 600 nm wavelength, see Fig. 4.14(c). 
 
Fig. 4.14. (a, b) Optical transmittance (solid line) and absorbance (dash line), and (c, d) 
haze as a function of wavelength for AZO films textured in the HCl-HF mixture 
solution. (a, b) fixed HF concentration of 1% and various HCl concentrations from 0 
to 1%, and (c, d) fixed HCl concentration of 0.5% and various HF concentrations from 
0 to 1%. Arrows indicate the trends observed for increasing either HCl or HF 
concentration in the mixed HCl-HF solution. 
Compared to the HCl concentration, it seems that the HF concentration only has a small 
impact on the optical properties of the mixed-solution textured AZO films. Both the 
transmittance (~75 ± 2 % at 600 nm wavelength) and the haze value (increases from 
23% to 27% at 600 nm) vary only slightly when the HF concentration increases from 
0 to 1%, see Figs. 4.14(b, d). This is especially true for the haze values above 600 nm, 
see Fig. 4.14(d). This behaviour results from the relatively small surface features 
induced by HF etching, which are unable to effectively scatter long-wavelength light. 
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The morphology variations of these mixed-acid textured AZO films are shown in Figs. 
4.15(a) to 4.15(l). When the HCl concentration increases from 0 to 1% (whereby 1% 
HF in the HCl-HF mixture acids), the resultant texture features vary from small, sharp 
but uniform features like etched in HF alone [see Figs. 4.15(b, c)] to large crater-like 
features like solely etched in HCl [see Figs. 4.15(e, f)]. However, this is not a smooth 
transition and the texturing process can be totally dominated by any one of these two 
acids, which was also observed by other researchers in their texturing studies [98]. For 
example, if the HCl concentration is above the threshold value, the texturing process is 
mainly dominated by HCl etching and thus the texture-etched AZO films show large 
craters, which resemble those of HCl-only etched surfaces, see Fig. 4.15(g). In this 
work, an HCl concentration of ~0.6% (with 1% HF in the HCl-HF mixture acids) was 
found to be the transition threshold value which distinguishes these two types of surface 
morphologies (HF-type vs. HCl-type features). 
In contrast, the morphology transition is rather smooth when the HF concentration 
increases from 0 to 1% (whereby 0.5% HCl in the HCl-HF mixture acids), see from 
Figs. 4.15(g) to 4.15(l). There is no sudden change of textured features observed during 
the etching process with a fixed HCl concentration. These micrographs reveal that, 
when adding more HF acid (a higher HF concentration) to the mixed HCl-HF solution, 
the surface texture features gradually become sharper while the lateral size of the 
craters diminishes. To sum up, the AZO texturing process in the HCl-HF mixture 
solution is a direct competition between HCl etching and HF etching, as illustrated in 
Fig. 4.16, which could result into either HCl-type, HF-type or double-textured 




Fig. 4.15. SEM micrographs of AZO films textured in the HCl-HF mixture solution 
(left = fixed HF concentration of 1%, right = fixed HCl concentration of 0.5%). The 
HCl and HF concentration (in vol%) in the mixed HCl-HF solution varies from: (a) 0:1, 
(b) 0.2:1, (c) 0.4:1, (d) 0.6:1, (e) 0.8:1, (f) 1:1, and (g) 0.5:0, (h) 0.5:0.2, (i) 0.5:0.4, (j) 




Fig. 4.16. Schematic diagrams to illustrate the etching processes of AZO films textured 
in the HCl-HF mixture solution. Either HF-type, HCl-type or double-textured 
morphologies could be achieved depending on the concentration ratio of the two acids. 
Figure 4.17 further compares some selected AFM images and respective sectioned 
height profiles between as-grown, HF textured, HCl textured, two-step textured, and 
HCl-HF mixture textured AZO films. From the height profiles, it is clearly observed 
that the as-grown film shows very small native texture features, and the scale of the 
HF-induced features is around one order of magnitude smaller than that of the HCl-
etched film. Both the two-step and mixture textured AZO films can result in a double-
textured morphology, similar to the combination of both the HF-etched (nano-sized) 
and HCl-etched features (sub-micron-sized). But compared to the mixture texturing, 
the two-step textured film shows a more desired surface morphology with better texture 
uniformity and less sharp features. In addition, the AZO texturing using two-step 
process is relatively easier to control than using a mixture solution, and also offers a 
wide process window. During the chemical reaction, one acid may be consumed at a 
higher rate than the other acid. Consequently, the acid composition ratio may differ 




Fig. 4.17. AFM images and sectioned height profiles of (a) as-grown, (b) HF textured, 
(c) HCl textured, (d) two-step textured, and (e) HCl-HF mixture textured AZO films. 
 78 
 
4.6 Chapter summary 
This chapter investigated the modified wet-chemical texturing of pulsed DC sputtered 
AZO films for improved light trapping in superstrate thin-film Si solar cells. Several 
surface etching processes were systematically investigated: (i) single-step etching in 
HCl and HF acid as the reference, (ii) two-step etching in HF acid and then HCl acid, 
(iii) two-step etching in HCl acid and then HF acid, and (iv) single-step etching in the 
mixed HCl-HF acid with different acid compositions. 
Compared to standard HCl-etched AZO, it is quite advantageous to use the two-step 
texturing to further modify the surface morphology for better optical performance. The 
developed texturing procedure combines the advantages of the HCl-induced craters and 
the smaller and jagged – but laterally more uniform – features created by HF etching, 
which gives a double-textured morphology (i.e., sub-micron-sized HCl-etched features 
and nano-sized HF-etched features). As a result, superior light scattering performance 
with good surface angle and feature size were obtained on the two-step textured AZO 
films. Thus, it is expected that the two-step texturing method (e.g., etching in HCl acid 
for 20 s and then HF acid for around 20–30 s) should produce better performing AZO 
films as the front electrode for superstrate thin-film Si solar cell applications. 
With regard to HCl-HF mixture texturing, the resultant surface features and optical 
properties strongly depend on the concentration ratio of the two acids. With suitable 
concentration (e.g., 0.5% HCl + ~0.5% HF), similar double-textured morphology can 
be achieved via the mixture etching in one processing step. But due to the competition 
of the two etchants (HCl etching vs. HF etching), the surface etching process using 
mixture acid is more difficult to control compared to the two-step texturing. The 
resultant optical scattering properties (e.g., haze) may not be as good as that of the two-
step processed AZO films. 
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Chapter 5 Investigation of Thickness Effect of AZO Films 
on Material and Surface Texturing Properties* 
5.1 Chapter introduction 
Sputter-deposited AZO films are becoming more favoured as the front transparent 
conductive electrode of thin-film Si solar cells [44-46]. But compared with the market 
dominating ITO, the properties of AZO films (especially the electrical performance) 
depend more strongly on the as-grown layer thickness. Based on the literature, the AZO 
layer should be at least about 600 nm thick in order to obtain good carrier mobility and 
thus a low resistivity of the order of 10-4 Ωcm [152, 153]. 
For thin-film Si solar cells prepared in a superstrate configuration, the sheet resistance 
of the front TCO electrode should be less than 10 Ω/sq to avoid excessive ohmic losses 
within the device [41]. Thus, even for a highly conductive AZO layer with a resistivity 
of 6×10-4 Ωcm, this application still requires an AZO thickness of at least 600 nm to 
meet the electrical requirement. This basically excludes the use of thin AZO films (i.e., 
less than the threshold 600 nm thick) for thin-film Si solar cells applications, from a 
purely electrical point of view. In addition to electrical requirements, the front AZO 
layer also functions as the optical layer of the solar cells. An efficient scattering scheme 
can prolong the optical path length and thus lead to enhanced photon absorption within 
the absorber layer [42]. For sputtered AZO films, one common approach is to wet-
chemically etch the films in diluted hydrochloric acid [92]. 
It is well known that the deposition techniques and conditions can greatly affect the 
resultant film properties. But in addition to the process parameters, the layer thickness 
can also play a major role in determining the electrical, optical, structural and annealing 
                                                     
* The main results of this chapter are published in: X. Yan, W. Li, A.G. Aberle, S. Venkataraj, 
Vacuum 123, 151-159 (2016), and X. Yan, W. Li, A.G. Aberle, S. Venkataraj, Procedia 
Engineering 139, 134-139 (2016). 
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properties of AZO films [154-159]. Madani Ghahfarokhi et al. showed that the strong 
dependence of the resistivity on the layer thickness is related to the formation of larger 
grains in a thicker film for DC-sputtered AZO films [159]. However, only a few studies 
were carried out to understand the thickness effect and surface texturing properties of 
AZO films, especially for thin-film Si solar cell applications. Böttler et al. analysed the 
relationship between lateral and vertical dimensions of crater-like textures of RF-
sputtered ZnO films with as-deposited thickness and etching time [160, 161], while 
Smirnov et al. further investigated the surface morphology variations after HCl 
texturing, focused on ZnO/Ag back reflectors applied for thin-film µc-Si:H solar cells 
prepared in a substrate (n-i-p) configuration [162]. 
Therefore, this work not only systematically investigates the layer thickness effect on 
the material properties of the AZO films, but also focuses on the surface texturing 
process with regard to the resultant electrical conductance, optical scattering 
capabilities and morphological properties. AZO films with different initial layer 
thicknesses were deposited onto planar soda-lime glass substrates by pulsed DC 
magnetron sputtering. It has been found that the texturing properties can also greatly 
depend on the as-grown AZO film thickness. The AZO layer must have a minimum 
initial thickness to be able to accommodate the thickness reduction during the texturing 
process, which is required to achieve well-etched surface textures and thus a good 
optical haze value. Their limited light scattering capability excludes the use of thin 
AZO films (< 500 nm initial thickness), from the optical point of view, as the front 
electrode for superstrate thin-film Si solar cell applications. 
5.2 Sample preparation 
In this study, AZO films with three different as-grown layer thicknesses (900, 700 and 
500 nm) were prepared on planar A3 size soda-lime glass sheets at identical chamber 
conditions by magnetron sputtering, as shown in Fig. 5.1. Dual cylindrical targets 
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composed of ceramic ZnO:Al2O3 (98:2 wt%) were mounted on rotatable magnetron 
cathodes in an inline multi-chamber sputter machine. Both cylindrical targets keep 
rotating at a constant rate of 10 rpm during the whole process. 
 
Fig. 5.1. Schemtaic diagrams of (a) AZO deposition process, and (b) sputtered AZO 
films with different layer thicknesses of 900, 700 and 500 nm. 
During deposition, the chamber heater temperature was kept constant at 375 °C (the 
corresponding substrate temperature was maintained at about 200  5 °C). Pure argon 
and oxygen-diluted argon (99% Ar and 1% O2) were introduced inside the chamber via 
MFCs as processing gases at a constant flow rate of 155 and 50 sccm, respectively. The 
overall oxygen content was around 0.24%. The corresponding chamber working 
pressure was maintained constant at ~3×10-3 mbar. The sputter targets were operated 
in pulsed DC mode with an applied power of 2.0 kW on each cathode. The deposition 
was carried out in a multiple pass process. The glass sheet was vertically attached on a 
moving carrier and allowed to oscillate back and forth in front of the cathodes at a 
constant speed of 15 mm/s for 18, 14 and 10 times, in order to reach desired film 
thickness of 900, 700 and 500 nm, respectively. The deposition rate was around 50 
nm/pass. It should be noted that the deposition parameters (DC or RF sputtering, 
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chamber pressure and substrate temperature) of the AZO films could significantly 
affect the following etching behaviour, which can be well described by a modified 
Thornton model proposed by Kluth et al. in Ref. [137]. A higher deposition pressure 
would result in an increased etching rate while the texture-etched morphology changes 
from crater-like to hill-like appearance. In this work, the deposition condition was 
tuned to a trade-off condition with both good film properties and texturing-friendly. 
The deposition conditions and resultant film properties of these AZO films are briefly 
summarised in Table 5.1. 
Table 5.1. Deposition conditions and selected film properties of sputtered AZO films 
with different as-grown layer thicknesses. 
Process parameters AZO (900 nm) AZO (700 nm) AZO (500 nm) 
Heater temperature 
(°C) 
375 375 375 
Pre/post-deposition 
heating pass 
18 / 18 18 / 18 18 / 18 
Pressure (mbar) 3.0×10-3 3.0×10-3 3.0×10-3 
DC power (kW) 2.0 2.0 2.0 
Ar flow rate (sccm) 155 155 155 
1% O2-diluted Ar 
flow rate (sccm) 
50 50 50 
O2 content (%)  0.24 0.24 0.24 
Oscillation pass 18 14 10 
Visible transmission 
(%) 
86.9 87.1 87.2 
Visible haze (%) 0.32 0.19 0.14 
Sheet resistance 
(Ω/sq) 
5.5 8.0 17.8 
5.3 Thickness effect on material properties 
The electrical performance of sputter-deposited AZO films is quite sensitive to the as-
grown layer thickness, as shown in Fig. 5.2. The electrical properties significantly 
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deteriorate for thin AZO films. The increased AZO’s resistivity, from 5.2×10-4 to 
9.3×10-4 Ωcm, is mainly caused by the deteriorating carrier mobility for thin films, 
which decreases greatly from 31.8 to 17.7 cm2/Vs when the thickness reduces from 900 
to 500 nm (see Fig. 5.2). At the same time, the carrier concentration stays almost at the 
same level about 3.7×1020 cm-3 for all three AZO films. Therefore this deteriorating 
mobility is very likely to be caused by increased grain boundary scattering, due to 
reduced mean crystallite size of the thin-film coatings [163]. 
 
Fig. 5.2. Variation of sheet resistance and carrier concentration (top), carrier mobility 
and resistivity (bottom) of sputter-deposited AZO films as a function of as-grown layer 
thickness. The dash lines are guides to the eye. 
The sheet resistance is another commonly used value to quantify the lateral electrical 
conductance of thin films, which correlates with the resistivity and the layer thickness. 
A value of 5.5 Ω/sq was obtained for a 900 nm thick AZO film, 8.0 Ω/sq for a 700 nm 
film and 17.8 Ω/sq for a 500 nm film, see Fig. 5.2. It should be noted that, as a rule of 
thumb, the sheet resistance value of the TCO layer should be less than 10 Ω/sq to 
provide sufficient electrical conductance as front electrode for thin-film Si solar cells 




With regard to the film structure, polycrystalline ZnO films usually exhibit a preferred 
(002) orientation of the grains (c-axis orientation normal to the substrate surface), since 
the (002) plane has the lowest surface free energy [164, 165]. In this work, the XRD 
results of Fig. 5.3(a) confirm that these AZO films crystallise in hexagonal wurtzite 
structure. Figure 5.3(b) shows a magnified view of the XRD profiles around the c-axis 
(002) peak. It can clearly be seen that the preferred film crystallinity deteriorates as the 
layer thickness decreases from 900 to 700 and 500 nm, as shown by the reduced (002) 
peak intensity at around 2θ ≈ 34.4°. Simultaneously, the calculated crystallite size 
slightly decreases from 19.6 to 19.3 and 18.6 nm while the FWHM increases from 
0.424° to 0.431° and 0.446°, see Fig. 5.3(c) and Table 5.2. 
 
Fig. 5.3. (a) XRD profiles of as-deposited AZO films with different layer thicknesses 
of 900, 700 and 500 nm. (b) Magnified view of plot (a) around the (002) peak. (c) 
Corresponding FWHM and crystallite size of the (002) peak. 
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Figure 5.4 shows the Raman patterns of these sputtered AZO films with different layer 
thicknesses measured in the backscattering configuration. As wurtzite structure, ZnO 
belongs to C6v
4  (C63mc) space group [124, 166]. In this symmetry, there are six sets of 
optically active phonon modes at the Γ point of the Brillouin zone in ZnO [124, 166], 
as described by the following irreducible representation, as follows: 
       Γ = A1+E1+2B1+2E2                                           (5.1) 
where A1 and E1 modes are both polar and thus each split into transverse optical (A1-
TO and E1-TO) and longitudinal optical modes (A1-LO and E1-LO), with different 
frequencies due to the macroscopic electric fields associated with the LO phonons (LO-
TO splitting). The A1 and E1 modes are both Raman and infrared active, while the B1 
modes are inactive (silent mode). In addition to LO and TO phonon modes, there are 
two non-polar Raman active phonon modes with symmetry E2. The E2 (low-frequency) 
mode is associated with the vibration of the heavy zinc sub-lattices, while the E2 (high-
frequency) mode involves only oxygen atoms [167]. Due to the selection rule and the 
non-Raman-active modes, only the A1-LO and E2 modes are expected to be observable 
when the incident light is normal to the sample surface [168]. 
The Raman results also reveal similar variations of the film structure. The Raman 
profile of AZO films is dominated by the A1-LO vibration mode that appears as a 
symmetric peak at around 563 cm-1, see Fig. 5.4. This primary A1-LO peak can be well 
fitted with a Gaussian profile. As the film thickness decreases, the peak intensity of the 
A1-LO vibration weakens accordingly while the Raman peak only slightly changes by 
1 cm-1. It is known that the shift of the peak position can be attributed to residual stress, 
structural disorder and crystal defect in the films [124]. Approximately the same 
Raman peak position indicates similar structural stress between these three AZO films 
with different layer thicknesses. The other two weak peaks can be attributed to the ZnO 
vibration modes of A1-TO and E2-high, respectively. The presence of the A1-TO mode 
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is related to the polycrystallinity of the films, although it is not expected for single 
crystalline ZnO [169]. The appearance of the E2 mode suggests preferred wurtzite 
structure of the AZO grains [170], which agrees well with the XRD observation shown 
in Fig. 5.3. 
 
Fig. 5.4. Raman profiles of as-deposited AZO films with different layer thicknesses of 
900, 700 and 500 nm. The arrows indicate the positions of Raman peaks. The A1-LO 
peak is fitted with a Gaussian profile. 
Table 5.2. XRD and Raman results of as-deposited AZO films with different layer 
thicknesses. 
  AZO (900 nm) AZO (700 nm) AZO (500 nm) 
XRD 
Primary peak (002) (002) (002) 
2θ (°) 34.36 34.44 34.37 
FWHM (°) 0.424 0.431 0.446 
Crystallite size 
(nm) 
19.6 19.3 18.6 
Raman  
Primary peak A1-LO A1-LO A1-LO 
Wavenumber 
(cm-1) 
563.5 563.0 562.5 
FWHM  
(cm-1) 
52.5 42.4 40.8 
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5.4 Thickness effect on surface texturing properties 
The literature shows that various acidic solutions and alkaline etchants can be used for 
the post-deposition etching of AZO films, and the resultant surface morphologies can 
greatly depend on the etchants [134, 135, 143]. Among these etchants, HCl acid is one 
most commonly accepted chemical used to etch AZO since the HCl-etched films 
typically produce good texture features and strong light scattering [92, 151]. Therefore 
in this work, after deposition, the AZO films were wet-chemically textured by standard 
HCl etching process to obtain rough surface texture features for the purpose of light 
scattering. To better control the etching process, the HCl acid was diluted with 
deionised (DI) water to a volume concentration of 0.5%. The surface morphology was 
modified accordingly by varying the HCl etching time from 10 to 60 s. The values at 0 
s denote the initial as-deposited states of the AZO films. 
It was observed that the HCl etching gradually deteriorates the electrical properties of 
the AZO films. These AZO films show both increased sheet resistance value and film 
resistivity after the surface texturing, as shown in Figs. 5.5(a, b). The increased sheet 
resistance is not only due to the reduced film thickness, but also due to a reduced carrier 
mobility [see Fig. 5.5(c)]. The electron mobility slightly decreases from 31.8 to 22.3 
cm2/Vs for the 900 nm thick AZO film, 30.0 to 21.1 cm2/Vs for the 700 nm film, and 
17.7 to 10.4 cm2/Vs for the 500 nm film, when the etching time increases from 0 to 60 
s. This reduced mobility was caused by the jagged surface textures, which could 
significantly affect the movement of carriers and thus deteriorate the electron 
conductance within the textured films. At the same time, the carrier concentration 
remains relatively constant at about 4×1020 cm-3 for all textured AZO films [see Fig. 
5.5(d)]. As a result, the sheet resistance of the 900 think AZO film gradually increases 
from initially 5.5 to 8.4 Ω/sq while the sheet resistance of the 700 nm thick film 
increases from 8.0 to 13.8 Ω/sq. 
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In contrast, the sheet resistance of the 500 nm thick AZO film quickly rises to 76.0 
Ω/sq after one minute of etching, which more than quadruples the initial value of the 
as-grown film (17.8 Ω/sq). Such a high sheet resistance is certain to cause severe ohmic 
resistive losses at the front electrode applied in thin-film Si solar cells. As a result, the 
AZO films should be thick enough as the front electrode to provide sufficient lateral 
electrical conductance. 
 
Fig. 5.5. Variation of (a) sheet resistance, (b) resistivity, (c) carrier mobility, and (d) 
carrier concentration as a function of the etching time of AZO films with different as-
grown layer thicknesses. The values at 0 s denote the initial value of the as-deposited 
AZO films. The dash lines are guides to the eye. 
With regard to the optical properties, the AZO layer needs to be as transparent as 
possible. It is beneficial to have a high transmission (Tvis > 80%) in the visible range. 
In addition, the textured surface helps to scatter light for an elongated light path and 
thus leads to an enhanced photogeneration in the solar cell device. In this work, the 
haze value at 600 nm wavelength is used to represent the optical light scattering 
capability of the textured AZO films. The haze value is the ratio of the diffuse 
transmission and the total transmission of the sample. It should be noted that 
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commercially available TCO substrates (e.g., the Asahi U-type TCO) usually have a 
visible haze value in the range of 15–20%. 
Figure 5.6(a) shows the transmittance and corresponding haze values of the as-
deposited AZO films before the surface texturing step. The transmittance spectra have 
a thickness-dependent sinusoidal pattern of interference fringes. Due to a bandgap 
energy of ~3.4 eV, the AZO films become highly absorbing for UV light below 370 
nm. In the visible range, the AZO films show a high transmission value of around 85%. 
In the NIR range, the transmission starts to rapidly decrease beyond about 1000 nm 
wavelength (especially for the thicker films), which is caused by free carrier absorption. 
As can be seen from Fig. 5.6(a), these as-deposited AZO films have negligible 
scattering ability, with haze values of less than 1% across the entire solar spectrum. 
Figures 5.6(b-g) show the spectral transmittances and haze values after the surface 
texturisation step, for different etching durations. As the texturing proceeds from 10 to 
60 s, the intensity of the interference fringes gradually reduces due to the roughening 
of the surface, and the overall visible transmission decreases slightly (by a few percent) 
for all samples. With regard to the optical haze, the resultant haze value of the textured 
AZO reduces for thin films (especially for the 500 nm film) for the same etch time. For 
all samples, the highest haze value was obtained after 40 s of HCl etching. The measued 
haze value (at 600 nm wavelength) is 22% for the 900 nm thick AZO film, 19% for the 
700 nm film, but only 12% for the 500 nm film, see Fig. 5.6(e). In addition to the light 
scattering (haze), the rugged surface textures also provide the anti-reflective effects 
(graded index of refraction). The AZO film with lowest thickness has less good anti-
reflection properties, and thus high reflection at the front side and slightly reduced 
transmittance compared to other two AZO films. It should be noted that the actual value 
of the haze and transmission into Si absorber layer should be much higher than the 
value measured into air owing to a much high refractive index (n of ~4) of the thin-film 
Si material (discussed in more detail in Chapter 7). 
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In addition to the exact haze value, the overall trend as a function of etching time also 
differs for the thin films. The haze value of the 500 nm thick AZO film fluctuates 
around 10%, showing little improvement as the etching time increases from 10 to 60 s. 
In contrast, the haze value of the 700 nm and 900 nm thick AZO films initially increases 
from less than 10% to around 20% when the etching time increases from 10 to 40 s, 
and then slightly decreases by 2–3 % (i.e., etching for 50 or 60 s). 
 
Fig. 5.6. Optical transmittance (solid lines) and haze (dash lines) of AZO films with 
different as-grown layer thicknesses of 900, 700 and 500 nm, in the (a) as-grown state, 
and after HCl etching for (b) 10 s, (c) 20 s, (d) 30 s, (e) 40 s, (f) 50 s, and (g) 60 s. 
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The SEM micrographs shown in Fig. 5.7 and the AFM 2D images shown in Fig. 5.8 
compare the texture features of the AZO layers with different as-grown layer 
thicknesses after HCl etching for 10, 30 and 50 s. All these texture-etched films show 
a porous surface covered by many small hole-like features (around 100–200 nm wide) 
together with large texture features (~1 µm wide). The large craters are commonly 
observed as a result of the etching of (002) oriented c-axis grains [99, 171] while the 
hole-like porous features are speculated to be caused by the etching of other oriented 
grains, such as (103) grains, or by surface defects [172]. 
As shown in Figs. 5.7 and 5.8, the texture feature morphology differs between the 
thicker (900 and 700 nm) and the thinner (500 nm) AZO films, especially after HCl 
etching for at least 30 s. For the thick films, further etching laterally expands the texture 
size while inducing more hole-like texture features across the surface. These uniformly 
distributed texture features help to enhance the light scattering (i.e., give a higher haze 
value). By comparison, the textured surface of the thin AZO films is sparsely covered 
by much larger and deeper hole-like features (up to 400–500 nm wide and ~200 nm 
deep). Further etching to 50 s leads to complete film removal and an abrupt over-etched 
surface in certain areas, which greatly affects the electrical conductance while barely 
contributing to the optical scattering. Compared to commonly observed crater-like 
structures in textured AZO films [173], the hole-like textures obtained in this work 
have a small average lateral feature size and thus low scattering capabilities for long-
wavelength light. As a result, this type of morphology may not be good for µc-Si:H 
solar cells which require effectively optical enhancement in the NIR region above 700 
nm. While for a-Si:H based solar cells, due to bandgap limitations the device is able to 
absorb photons only up to ~750–800 nm and long-wavelength scattering makes no 
more difference. In addition, the obtained texture morphology has lower surface 
roughness compared to that of the crater-like structures, which helps to reduce the 
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potential shunting issues and thus is beneficial for the fabrication of thin-film solar 
diodes. 
 
Fig. 5.7. SEM micrographs of surface textured AZO films with different as-grown layer 
thicknesses of 900, 700 and 500 nm, after HCl etching for 10, 30 and 50 s. 
 
Fig. 5.8. AFM images of surface textured AZO films with different as-grown layer 
thicknesses of 900, 700 and 500 nm, after HCl etching for 10, 30 and 50 s. Also shown 




Fig. 5.9. MATLAB processed images of surface textured AZO films with different as-
grown layer thicknesses of 900, 700 and 500 nm, after HCl etching for 10, 30 and 50 
s. 
Statistical analysis of the AFM data enables a direct comparison of the obtained surface 
morphologies of the surface textured AZO films [128-130]. Figure 5.9 shows the 
MATLAB processed AFM images (contouring of inclination angle) of HCl textured 
AZO films with different as-grown layer thicknesses. Based on the processed AFM 
data, Fig. 5.10 shows the distribution histograms of the surface height (in 10-nm 
increments) and the inclination angle (in 5-degree increments). Of these textured films, 
the AZO film with an as-grown thickness of 500 nm shows the broadest distributions 
of both height and angle. The angle distribution peaks at about 25°, approximately 10° 
higher than that of the thick films. This broad distribution is correlated with these over-
etched surface textures, which result in a higher surface roughness value. In contrast, it 
can be seen that the 900 and 700 nm thick films have similar height and angle 
distributions after etching. As expected, these two films have similar surface roughness. 
Further etching from 10 to 50 s gradually broadens the distribution and increases the 
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surface roughness, which correlates well with the morphology variations observed by 
SEM and AFM (see Figs. 5.7 and 5.8, respectively). 
 
Fig. 5.10. (a, c, e) Surface height distribution histograms, and (b, d, f) angle distribution 
histograms derived from AFM measurements and MATLAB processing of surface 
textured AZO films with different as-grown layer thicknesses of 900, 700, and 500 nm, 
after HCl etching for 10, 30 and 50 s. 
In summary, the surface texturing process of sufficiently thick AZO films can be 
separated into four stages, as shown in Fig. 5.11. The as-grown state refers to as-
deposited films by magnetron sputtering without any surface treatments (i.e., non-
textured). The as-grown AZO films tend to be polycrystalline with some native nano-
sized surface textures. The texturing process starts from the HCl attacking at the grain 
boundaries of the films. After HCl etching for 10–20 s, the AZO films become under-
etched with a few small-sized texture features distributed over the surface. Etching for 
30–40 s typically gives a well-etched surface covered by large texture features (sub-
micron-sized), and thus capable of strong light scattering. Longer etching for 50 s and 
above leads to an over-etched surface, which deteriorates the texture morphology and 
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thus leads to a reduced optical haze value. In contrast, for thin AZO films there are 
hardly any well-etched surface textures observed. The resultant morphology directly 
transits from the under-etched to the over-etched stage as the etching proceeds, since 
there is an insufficient amount of film to accommodate the thickness reduction during 
the formation of large texture features. 
 
Fig. 5.11. Schematic diagrams of sufficiently thick AZO films during the surface 
texturing process: in the states of (a) as-grown, (b) under-etched, (c) well-etched, and 
(d) over-etched. The dash line indicates the thickness reduction of the AZO films 
caused by the HCl etching. 
5.5 Chapter summary 
In this chapter, three AZO films with different as-grown layer thicknesses (900, 700 
and 500 nm) were prepared on planar soda-lime glass sheets by pulsed DC magnetron 
sputtering. It was found that the material properties depend strongly on the as-grown 
film thickness. Thin AZO films suffer from reduced crystallite size and deteriorated 
preferred crystallinity, which is very likely to cause a more pronounced grain boundary 
scattering effect. As a result, the AZO films become less conductive as the as-grown 
layer thickness decreases. Electrically, the AZO layer needs to be sufficiently 
conductive for application as the front electrode of thin-film Si solar cells. 
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After deposition, these sputtered AZO films were surface textured through a wet-
chemical HCl etching process. A sufficient light scattering capability, represented by 
the haze value, is required for thin-film Si solar cell applications. The haze value of the 
textured AZO films not only depends on the etching procedure, but is also strongly 
affected by the initial as-grown layer thickness. The AZO film with as-grown thickness 
of 900 nm shows a maximum haze value of 22% at 600 nm wavelength after etching 
for 40 s, which is reduced to 19% for the 700 nm film and 12% for the 500 nm thick 
film. Hence, as the front electrode of thin-film Si solar cells, the AZO layer must be 
thick enough (> 700 nm), to accommodate the thickness reduction during the surface 
texturing process, in order to simultaneously possess both low electrical resistance and 












Chapter 6 Investigation of Material Properties and Surface 
Texturing Processes of Bilayer TCO Structures* 
6.1 Chapter introduction 
Transparent conductive films are extensively used as the front electrode layer in thin-
film solar cells. Of the commonly used TCOs, ITO provides the best electrical 
performance (i.e., lowest resistivity) but is least used for thin-film Si solar cells due to 
its difficulties of surface texturing/patterning techniques. In contrast, surface textured 
ZnO is known for its good light scattering capabilities [44], but may suffer from its 
relatively high sheet resistance, which is reported to increase significantly during the 
wet-chemical texturing process [102]. 
Under such circumstances, different structures have been proposed in literature to 
enhance electrical performance of the front electrode, such as oxide/metal/oxide stacks 
[174-178], novel metal mesh nanostructure [179-181], laser-textured ITO films [182] 
and ITO/AZO based bilayer TCO films [183-186]. The oxide/metal/oxide stacks (e.g., 
AZO/Ag/AZO and ITO/Ag/ITO) can be prepared by inserting a very thin but highly 
conductive metallic layer between the two oxide layers. Although obtaining a low 
resistivity, the stacks generally suffer from a reduced transparency due to the metal 
layer absorption and thus result in a relatively low current density of the solar cell 
devices [175]. With regard to the metal mesh structure, it is challenging to achieve good 
ohmic contact between the metal mesh and the absorber, and thus a sufficiently thick 
TCO layer is still required as the buffer layer [179]. For laser-textured ITO, the laser 
step complicates the fabrication process and incurs extra production costs [182]. In 
contrast, the ITO/AZO bilayer shows improved electrical properties but generally 
                                                     
* The main results of this chapter are published in: X. Yan, W. Li, A.G. Aberle, S. Venkataraj, 
J. Mater. Sci. Mater. Electron. 26, 7049-7058 (2015). 
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suffers from reduced light scattering capabilities (e.g., haze value) compared to the 
commonly used single-layer AZO films [183, 184]. 
In this chapter, two bilayer TCO structures were proposed and analysed, with regard to 
both material properties and surface texturing properties, in comparison to a single-
layer AZO film as the reference. These three TCO films show disparate optical 
performance after the texturing etching process, which is well-related to the different 
surface morphologies and crystalline structures. Based on the structural properties, the 
etching process was theoretically analysed for each TCO structure with schematic 
illustrations, which provides better understandings of bilayer TCO structures for thin-
film Si solar cells. 
6.2 Sample preparation 
Figure 6.1 shows the schematic diagrams of the single-layer AZO and two bilayer TCO 
structures which consist of ITO and intrinsic (iZO or i-ZnO) or Al-doped ZnO (AZO). 
Within the bilayer TCO structure, the thin but highly conductive bottom ITO layer 
mainly functions as the electrical layer while the top surface textured ZnO film acts as 
the optical layer which provides the light scattering, which is essential for the 
fabrication of high-efficiency thin-film Si solar cells. 
 
Fig. 6.1. Schematic illustration of the (a) single-layer AZO, (b) bilayer ITO/iZO, and 
(c) bilayer ITO/AZO structures. Within the bilayer TCO structure, the ITO film mainly 
functions as the electrical layer and the surface textured ZnO film acts as the optical 
layer for light scattering. 
The bilayer TCO films were deposited onto planar soda-lime glass sheets in an inline 
multi-chamber magnetron sputter machine. Within the machine, the TCO processing 
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chamber is equipped with a cylindrical dual-magnetron source with rotatable ceramic 
ZnO:Al2O3 (98:2 wt%) targets and planar magnetron source with In2O3:SnO2 (90:10 
wt%) target for pulsed DC sputtering of TCO films. The metal processing chamber is 
equipped with a planar metallic Zn target for the reactive sputtering of iZO films. This 
target arrangement within the multi-chamber sputter machine enables to deposit the 
bilayer TCO stacks without breaking the vacuum conditions. 
During deposition, the substrate was indirectly heated by resistive heater arrangement. 
The heater temperature was maintained at around 375 °C, which corresponds to a 
substrate temperature of approximately 200  5 °C. The power applied to each cathode 
was kept constant at 2.0 kW. Prior to and after the deposition, the glass substrate was 
pre/post-heated for 18 passes in order to achieve better film properties. In addition, iZO 
films were deposited onto ITO-coated glass substrates at room temperature condition 
by reactive sputtering of metallic Zn target in O2 atmosphere to form the ITO/iZO 
bilayer TCO structure. To minimise the resultant film property variations associated 
with the processing chamber conditions, the iZO films were deposited in fully oxide 
mode at approximately the same sputtering pressure (~3×10-3 mbar) as that of the AZO 
films. Approximately 900 nm thick AZO single-layer films were also sputter-deposited 
as the reference sample using identical processing conditions. Table 6.1 summarises 
the deposition conditions of each TCO film. 
After deposition, these TCO-coated glass sheets were cut into small pieces (each 5 cm 
× 7 cm) for the wet-chemical texturing studies. In this work, previously developed two-
step/mixture texturing process (see Sections 4.4 and 4.5) was not applied for the bilayer 
TCO films due to insufficient thickness of the top ZnO layer, which would result in 
severe over-etching issues. Instead conventional 0.5 vol% diluted HCl acid was utilised 
to modify the ZnO surface textures from 10 to 50 s. The bottom ITO layer was barely 
affected by the diluted HCl aqueous solution within such a short etching time. 
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Table 6.1. Deposition conditions of standard single-layer AZO and bilayer TCO films. 
Process parameters ITO iZO AZO 
Reference 
AZO 
Target type planar ceramic planar metallic dual cylindrical ceramic 
Heat temperature 
(°C) 
375 RT 375 375 
Pre/post-deposition 
heating pass 
18 / 18 – 18 / 18 18 / 18 
Pressure (mbar) 3.2×10-3 3.0×10-3 2.7×10-3 2.8×10-3 
DC power (kW) 2.0 2.0 2.0 2.0 
Ar flow rate (sccm) 250 70 155 155 
1% O2-diluted Ar 
flow rate (sccm) 
– – 50 50 
O2 flow rate (sccm) 3 50 – – 
O2 content (%)  1.19 41.67 0.24 0.24 
Oscillation pass 6 30 12 18 
Film thickness (nm) 250 550 550 900 
6.3 Material properties of bilayer TCO structures 
Table 6.2 compares the basic film properties of as-deposited AZO single-layer, 
ITO/iZO bilayer and ITO/AZO bilayer films. The sheet resistances of these three TCO 
structures are 10.2, 12.2 and 7.0 Ω/sq, respectively. The single-layer AZO film (900 
nm thick) shows a relatively low carrier concentration of 2.3×1020 cm-3 and thus a 
moderate resistivity of 9.2×10-4 Ωcm. For the bilayer TCO structure (both ITO/iZO and 
ITO/AZO films, ~800 nm thick), the measured Hall results are the effective value of 
the combined two layers in parallel. Therefore the effective sheet resistance (Rsh-eff) and 
resistivity (σeff) of the bilayer TCO films can be calculated as follows: 
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where Rsh-1 and Rsh-2 are the sheet resistance of the first layer and second layer. Similarly, 
t1 and t2 are the corresponding film thickness, σ1 and σ2 are the corresponding film 
resistivity, n1 and n2 are the corresponding carrier concentration, µ1 and µ2 are the 
corresponding carrier mobility. As a result, the effective carrier concentration (neff) and 
mobility (µeff) are defined via: 
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Due to the highly resistive intrinsic ZnO layer, which generally would have a resistivity 
level in the range of 1–100 Ωcm and a low carrier concentration of around 1015cm-3 
[187, 188], the electrical conductance of the ITO/iZO bilayer structure is solely 
contributed by the ITO layer. The effective film resistivity and carrier concentration of 
the ITO/iZO structure is approximately 9.8×10-4 Ωcm and 1.8×1020 cm-3. And the 
effective carrier mobility is 36.1 cm2/Vs, which is assumed as the same as the single-
layer ITO film. In contrast, the most conductive TCO structure was achieved with the 
ITO/AZO bilayer films since both TCO layers can contribute to the electron 
conductance. Similar to the ITO/iZO bilayer structure, the electrical properties for the 
ITO/AZO bilayer are also represent data of the "effective medium". This bilayer 
structure shows good electrical performance with a low resistivity of 5.7×10-4 Ωcm and 
a high carrier mobility of 32.5 cm2/Vs at a carrier concentration of 3.4×1020 cm-3. 
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Table 6.2. Comparison of basic film properties between as-deposited standard single-
layer AZO and bilayer TCO films. 
 AZO single-layer ITO/iZO bilayer* ITO/AZO bilayer 
Film thickness (nm) 900 250/550 250/550 
Visible transmission 
(%) 
85.2 85.6 85.1 
Visible haze (%) 0.7 0.7 0.5 
Sheet resistance 
(Ω/sq) 
10.2 12.2 7.0 
Resistivity (Ωcm) 9.2×10-4 9.8×10-4 5.7×10-4 
Carrier concentration 
(cm-3) 
2.3×1020 1.8×1020 3.4×1020 
Carrier mobility 
(cm2/Vs) 
29.7 36.1 32.5 
* electrical conductance contributed by ITO layer 
Figure 6.2 compares the crystalline XRD patterns of the bilayer TCO films and the 
reference single-layer ITO and AZO films. Table 6.3 shows the full-width at half-
maximum (FWHM) and crystallite sizes of the TCO films, as calculated using the 
Scherrer equation (see Eq. 3.9) from the XRD patterns. The sputter deposition yielded 
polycrystalline ITO film with (400) as the main orientation, as shown in Fig. 6.2(c). 
The single-layer AZO film well crystallises in wurtzite structure, as discussed in 
Section 2.2 of Chapter 2. The sharp (002) peak at 2θ ≈ 34.4º corresponds to c-axis 
columnar grains, as shown in see Fig. 6.2(d). With regard to the bilayer TCO films, the 
XRD patterns of the underlying ITO layer are clearly observed and quite similar to the 
scan result of the single-layer ITO film [see Figs. 6.2(a, b, c)]. In addition, the XRD 
profile of the ITO/AZO bilayer film is also dominated by the ITO peaks [see Fig. 
6.2(a)], while the primary ZnO peak changes from (002) to (101) orientation. This 
indicates that the underlying polycrystalline ITO layer significantly inhibits the AZO’s 
initial nucleation and subsequently suppresses its c-axis growth, and thus greatly 
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distorts the AZO’s crystal quality [183, 184]. In contrast, the ITO/iZO bilayer film can 
still maintain the preferential c-axis growth of the iZO layer, but the preferred film 
crystallinity becomes deteriorated, as can be seen from the reduced ZnO (002) peak 
intensity as shown in Fig. 6.2(b). 
 
Fig. 6.2. XRD profiles of as-deposited (a) ITO/AZO bilayer film, (b) ITO/iZO bilayer 
film, (c) ITO single-layer film, and (d) AZO single-layer film on glass substrate as the 
reference. Open triangle (∆) for the ZnO peak, filled circle (•) for the ITO peak. The 





Table 6.3. Calculated full-width at half-maximum (FWHM) and crystallite size from 
primary ITO or ZnO peak of the XRD of the single-layer AZO and ITO films, and 














– (400) (400) (400) 
FWHM (°) – 0.281 0.256 0.243 
Crystallite 
size (nm) 






(002) – (002) (101) 
FWHM (°) 0.262 – 0.673 0.419 
Crystallite 
size (nm) 
31.7 – 11.8 19.0 
Figure 6.3 compares the SEM micrographs in tilted surface views (tilt angle: 45º) and 
cross-sectional views between these TCO films in as-deposited states (i.e., without any 
surface texturing treatments). These as-grown TCO films have certain native surface 
texture features in nano-sized scale, see Figs. 6.3(a, b, c) for AZO single-layer, 
ITO/iZO bilayer and ITO/AZO bilayer films. The SEM observation in a cross-sectional 
view also confirms the differences in structural properties between these TCO films. 
Large crystalline columnar grains are observed on the single-layer AZO film [see Fig. 
6.3(d)], less crystallised and small-sized columnar grains of iZO film are observed on 
the ITO/iZO bilayer structure [see Fig. 6.3(e)], while significantly distorted AZO’s 




Fig. 6.3. SEM micrographs in tilted surface view (top row) and cross-sectional view 
(bottom row) of as-deposited (a, d) AZO single-layer film, (b, e) ITO/iZO bilayer film, 
and (c, f) ITO/AZO bilayer film on glass substrates. 
6.4 Surface texturing studies of bilayer TCO structures 
All three TCO structures have similar visible transmission values (above 85%), and 
virtually no haze (< 1%) before the surface texturing process. In order to modify the 
surface morphology and to improve the light scattering abilities, the TCO films were 
chemically textured using 0.5% HCl for various etching durations from 0 to 50 s at 
room temperature condition. This diluted HCl only attacks the surface ZnO layer and 
barely affects the underlying ITO coating layer which has a better chemical resistance. 
As a result, the bilayer TCO structure can still maintain a good sheet resistance, similar 
to the value before texturing, see Fig. 6.4(a). In addition, both the effective carrier 
mobility and concentration get improved (resulting in a reduced effective film 
resistivity) while the HCl etching proceeds from 10 to 50 s [see Figs. 6.4(b, c, d)], since 
the ITO properties become more important as the AZO thickness decreases. The 
approximate layer thicknesses of the TCO films were estimated from UV-Vis fitting of 
the transmittance spectra. Single-layer AZO film thickness decreases from initial ~900 
nm to ~720 nm as the etching time increase to 50 s. The overall film thickness of the 
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bilayer TCO decreases from ~800 nm to ~620 nm for ITO/iZO, and to ~520 nm for 
ITO/AZO bilayer. In contrast, the sheet resistance of the AZO single-layer quickly rises 
to above 15 Ω/sq [see Fig. 6.4(a)]. The increased sheet resistance is not only contributed 
by the reduction of film thickness, but also by the deteriorating carrier mobility and 
concentration [see Figs. 6.4(c, d)]. Such a high sheet resistance value may lead to 
undesirable resistive losses in the solar cell devices. 
 
Fig. 6.4. Variation of (a) sheet resistance, (b) resistivity, (c) carrier mobility, and (d) 
carrier concentration as a function of the etching time, for AZO single-layer, ITO/iZO 
bilayer, and ITO/AZO bilayer films. The values at 0 s denote the initial value of the as-
deposited TCO films. The dash lines are guides to the eye. 
After the HCl texturing process, distinctively different optical performances were 
observed between these surface textured TCO structures. For the AZO single-layer, the 
haze value can be adjusted by varying the etching time of the film. Specifically, the 
haze value gradually increases from less than 1% to 32% at 600 nm wavelength when 
prolonging the HCl etching time from 0 to 30 s [see Figs. 6.5(a, b)]. Further etching 
(e.g., 40 or 50 s) does not produce any significant changes and only slightly improves 
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the haze value by a few percent. During the whole etching process, the transmission of 
the film remains at around 80% in the visible region. 
For the ITO/iZO bilayer films, the etching time seems to make little difference on the 
texturing process as the chemical reaction proceeds rapidly [see Figs. 6.5(c, d)]. The 
film already becomes well etched with a high haze value of 38% at 600 nm wavelength 
even after only 10 s of HCl etching, which is nearly the same result as that of the AZO 
single-layer film etched by HCl for 50 s. When further increasing the etching time from 
10 to 50 s, the haze value of the ITO/iZO films stabilises at around 35% with little 
change. The optical transmission of the ITO/iZO bilayer is relatively low, with a value 
of approximately 75% over the visible range. 
By comparison, relatively moderate haze values are obtained on the ITO/AZO bilayer 
films, which fluctuate at around 20% at 600 nm wavelength regardless of the HCl 
etching time [see Figs. 6.5(e, f)]. The highest haze value achieved is only 23% at 600 
nm, almost one third less compared to the value of the reference AZO single-layer 
etched for the same time (i.e., 30 s). As for the film transmission, the ITO/AZO bilayer 
films have a comparable value (fluctuating around 75–80%) as that of the AZO single-
layer films in the visible range, but the long-wavelength transmission in NIR region (> 
900 nm) gradually decreases due to higher free carrier absorption contributed from both 
the highly-doped ITO and the AZO layers. It should be noted that this reduced NIR 
transmission will not significantly affect the optical performance of thin-film 
micromorph Si solar cells, which have a very weak photon absorption near the bandgap 




Fig. 6.5. (a, c, e) Optical transmittance (solid line) and absorbance (dash line), and (b, 
d, f) haze as a function of wavelength for surface textured (top row) AZO single-layer 
films, (middle row) ITO/iZO bilayer films, and (bottom row) ITO/AZO bilayer films. 
Arrows indicate the trends observed for increasing HCl etching time. 
This disparate optical performance can be attributed to the totally different surface 
morphologies between the HCl-etched single-layer AZO and the bilayer ITO/iZO and 
ITO/AZO films. These SEM micrographs of Fig. 6.6 systematically compare the 
variations of the surface texture features as a function of HCl etching time from 10 to 
50 s. Some small craters appear on the single-layer AZO films immediately after 
etching for 10 s, see Fig. 6.6(a). These craters laterally expand as the etching proceeds 
from 10 to 30 s, improving the light scattering properties. For the ITO/iZO bilayers, 
the surface morphologies barely vary as the etching time increases from 10 to 50 s, see 
Fig. 6.6(b). This explains why the resultant optical haze value is almost independent of 
the texturing time. Compared to the single-layer AZO films, the surface feature size of 
 109 
 
the ITO/iZO bilayer is around one order of magnitude smaller. In contrast, no craters 
are observed on ITO/AZO bilayer films. Instead, the surface becomes much more 
porous and irregularly shaped texture features are formed during the HCl etching, see 
Fig. 6.6(c). Over-etching is another issue observed on the ITO/AZO bilayer, especially 
for the films etched for 40 s and above. The over-etching simply reduces the film 
thickness and contributes little to the light scattering, which corresponds to the 
relatively moderate haze value observed in Fig. 6.5(f). 
 
Fig. 6.6. SEM micrographs in titled view of (a) AZO single-layer films, (b) ITO/iZO 
bilayer films, and (c) ITO/AZO bilayer films textured by HCl etching from 10 to 50 s. 
Etching for 30 s in 0.5% HCl usually gives a well-etched surface texture morphology 
suited for the fabrication of thin-film Si solar cells. Hence Fig. 6.7 further compares 
the corresponding resultant surface morphologies (FE-SEM, AFM and MATLAB 
processed images) of the TCO films by HCl etching for 30 s. The obtained surface root-
mean-square (RMS) roughness values are 40.3, 24.2 and 47.4 nm respectively for the 
single-layer AZO, bilayer ITO/iZO and ITO/AZO films. The surface features are more 
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clearly indicated in the MATLAB processed images, such as very large craters of 
micrometre size on the single-layer AZO film [see Fig. 6.7(g)], lots of small crater-like 
features on the ITO/iZO bilayer film [see Fig. 6.7(h)], and irregularly shaped texture 
features on the ITO/AZO bilayer film [see Fig. 6.7(i)]. 
 
Fig. 6.7. FE-SEM images (top row), AFM images (middle row) and corresponding 
MATLAB processed images (bottom row) of 30 s HCl textured (a, d, g) AZO single-
layer film, (b, e, h) ITO/iZO bilayer film, and (c, f, i) ITO/AZO bilayer film. 
Statistically analysing these AFM data gives a direct comparison of the texture 
morphologies [128-130]. Figure 6.8 shows the distribution histograms of the surface 
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height (in 10-nm increments) and the inclination angle (in 5-degree increments). Of 
these TCO films, the textured AZO single-layer shows the narrowest angle distribution, 
with a peak at about 15°. These irregularly shaped textures on the ITO/AZO bilayer 
result in the broadest height and angle distributions. In contrast, the small-sized features 
of the ITO/iZO bilayer correspond to a relatively sharp height distribution. The 
literature suggests that a surface angle distribution centred at around 22.5° to 30° could 
provide an effective light trapping scheme for thin-film Si solar cell applications [130, 
131]. Too large surface angle usually means too sharp textures features, which will 
cause potential shunting issues when depositing the thin-film solar cell diodes. Hence 
in this case, the textured ITO/iZO bilayer should be the best one among these three 
TCO structures, which has a peak maximum at around 20º. 
 
Fig. 6.8. (a) Surface height distribution histogram, and (b) angle distribution histogram 
derived from AFM measurements and MATLAB processing of HCl textured AZO 
single-layer, ITO/iZO bilayer, and ITO/AZO bilayer films. 
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6.5 Etching process hypothesis of bilayer TCO structures 
Single-crystal ZnO crystallises in polar hexagonal wurtzite structure and terminates 
with either (001) zinc or (001̅) oxygen surfaces (as discussed in Section 2.2 of Chapter 
2). According to the dangling bond model, the Zn-terminated surfaces are positively 
charged and thus are easily attacked by hydroxide (OH-) ions, whilst the O-terminated 
surfaces are attacked by water hydronium ions (e.g., H3O+, H5O2+) due to their negative 
charges resulting from dangling bonds, as shown in Fig. 6.9 [171, 189, 190]. As a strong 
acid, the HCl molecules can fully dissociate in aqueous solution, as follows: 
HCl + H2O → H3O+ + Cl-                                         (6.5) 
Generally, the ZnO reacts with these hydronium ions in acidic solution, as follows: 
ZnO + 2H3O+ → Zn2+ + 3H2O                                     (6.6) 
For a perfect Zn-terminated single-crystalline ZnO film with no defects, it is therefore 
expected that the aqueous HCl solution cannot effectively remove the tightly bonded 
surface atoms, and consequently no texture features would form during the chemical 
etching process in aqueous HCl acid [171]. 
Sputter-deposited AZO films on glass substrates tend to be polycrystalline and also 
known to well crystallise along the c-axis with Zn-terminated (001) surfaces [99, 191]. 
These Zn-terminated surfaces greatly inhibit the etching by acids and protect the 
columnar grain crystals. Thus the etching has to take place at some weak points such 
as grain boundaries and defects, which have the highest etch potentials and thus would 
function as the crater nucleation sites during the surface texturing process [99, 192]. 
The actual shape and size of the craters are determined by the competition between the 




Fig. 6.9. Single-crystalline ZnO in polar hexagonal wurtzite structure, and dangling 
bond model for etching process of single-crystalline ZnO. 
 
Fig. 6.10. Schematic diagrams to illustrate the etching processes for (a) AZO single-
layer film, (b) ITO/iZO bilayer film, and (c) ITO/AZO bilayer film. The red dot circles 
indicate the initial nucleation sites from attacking the grain boundaries. 
Figure 6.10 schematically describes the proposed wet-chemical HCl texturing 
behaviours of the single-layer and bilayer TCO films investigated in this work. The 
fundamental difference of the etching processes is the density of the grain boundaries, 
which is related to the density of the HCl attacking points. The single-layer AZO films 
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grow along the preferential c-axis with good film crystallinity and large-sized grains, 
which limits the density of attacking points. During the texturing process, the surface 
textures start to nucleate and evolve from the grain boundaries. After the nucleation 
phase, the etching gradually spreads from the grain boundaries and further enlarges the 
lateral size of the texture features. Eventually large craters are formed on the c-axis 
oriented AZO films. In contrast, although the ITO/iZO bilayers show c-axis orientation 
of the iZO films, the grain size of these stacks is much smaller than that of the single-
layer AZO films. Such a small grain size leads to a high density of acid attacking points, 
which consequently limits the etching to proceed horizontally. As a result, it is difficult 
for the craters to fully expand in the lateral direction, and hence many small crater-like 
texture features are created on the ITO/iZO bilayer films. With regard to the ITO/AZO 
bilayers, the c-axis growth of the AZO film is greatly distorted by the underlying 
polycrystalline ITO layer. The top AZO layer thus has inferior crystal quality and 
various crystalline orientations. These non-c-axis structures allow the acid etching to 
easily proceed and spread from the grain boundaries. Due to the lack of preferential 
attacking points, the HCl etching results in irregularly shaped and porous texture 
features on these ITO/AZO bilayer films. 
6.6 Chapter summary 
This chapter discussed the material properties and surface texturing behaviours of 
bilayer TCO structures. Highly transparent and conductive single-layer AZO and two 
bilayer TCO films (ITO/iZO and ITO/AZO) were fabricated on planar soda-lime glass 
sheets by magnetron sputtering. The inline multi-chamber sputter machine enables to 
prepare the bilayer TCO structures in the same process flow as the standard single-
layer AZO films without breaking the vacuum environment. After deposition, the 
surface texture features were formed by a wet-chemical HCl etching process, to provide 
the scattering of light required for thin-film Si solar cell applications. 
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With regard to the surface texturing process, it has been demonstrated that the haze 
value of the single-layer AZO films can be adjusted by varying the etching time. The 
HCl etching produces large craters distributed over the surface. However, the sheet 
resistance of these etched AZO films rapidly increases to above 15 Ω/sq, which would 
cause high resistive losses in thin-film solar cells. In contrast, the ITO/iZO bilayer 
structure shows stabilised electrical performance during the whole etching process, and 
good optical scattering properties obtained over a wide process window of texturisation. 
The small-sized grains of ITO/iZO films lead to a high density of acid attacking points 
and thus results in many small crater-like texture features after the HCl etching. In 
terms of ITO/AZO films, enhanced electrical performance, high visible transmission 
but relatively moderate light scattering abilities (haze of ~20% at 600 nm, which is 
comparable to that of commercial TCO substrates) were achieved. The improved 
electrical conductance could reduce the resistive losses at the front TCO electrode by 
~10–20% in the device level (compared to single-layer AZO) for thin-film Si solar cells. 
But the underlying polycrystalline ITO layer greatly deteriorates the preferential c-axis 
growth and the crystallinity of the AZO films. As a result, porous and irregularly 
shaped surface features evolve on these textured ITO/AZO bilayer films during the HCl 
etching process. In summary, these bilayer TCO structures have significant potentials 









Chapter 7 Optical Modelling and Device Simulation 
Studies of Superstrate Thin-film a-Si:H Solar Cells* 
7.1 Chapter introduction 
To better design and understand the amorphous Si (a-Si:H) solar cell structures, it is 
important to know the effects of the front TCO texture morphologies on the light 
scattering. Due to the almost conformal growth of the silicon thin-film diodes, the front 
AZO textures are well reproduced at other interfaces of the solar device. Compared to 
a flat interface, a textured interface has two advantages for superstrate thin-film solar 
cell applications: light in-coupling and light trapping. The spectral haze value and the 
angular resolved scattering (ARS) are the two most used properties to quantify the light 
scattering capabilities of textured interfaces [193, 194]. The haze value is defined as 
the ratio of the diffusely transmitted light intensity and the total transmitted light 
intensity, while the ARS describes how the light gets scattered into the different 
directions. But these scattering properties can only be experimentally assessed at the 
AZO/air interface, whereas the scattering at the AZO/a-Si:H interface is more relevant 
to the PV device performance. The latter requires detailed theoretical modelling 
analysis. Various models have been proposed to simulate the light scattering 
behaviours in thin-film Si solar cells, such as the scalar scatter theory (SST) [195-197], 
the rigorous diffraction theory (RDT) [198, 199], the rigorous coupled-wave analysis 
(RCWA) [200], the power spectral density (PSD) method [201, 202], the finite-
difference time-domain (FDTD) method [203, 204], and the phase model method [205-
207]. 
In this chapter, the effects of the front AZO texture on the performance of thin-film a-
Si:H solar cells are qualitatively analysed based on optical modelling and device 
                                                     
* The main results of this chapter form the basis of a journal paper manuscript: X. Yan, W. Li, 
A.G. Aberle, S. Venkataraj, Manuscript submitted. 
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simulation studies. Figure 7.1 shows the procedure used in the modelling and 
simulation analysis. The complex refractive indices of the AZO films deposited at 
SERIS were derived from the UV-Vis spectrometry and ellipsometry data based on 
dielectric modelling. The spectral and angular dependences of the scattering process 
were accurately modelled using the PSD method and the phase model, respectively. 
The simulated haze and ARS data serve as the optical input for the device simulation 
carried out in the Advanced Semiconductor Analysis (ASA) simulator [37, 133]. Four 
AZO films with different texture morphologies (as-grown, HF textured, HCl textured, 
and two-step textured) were systematically studied by device simulations in terms of 
the optical effect of the surface texture on the light absorption, spectral response and 
electrical characteristics of thin-film a-Si:H solar cells. A better surface texturing 
process leads to more efficient light scattering into the a-Si:H absorber, which can be 
quantified by the photocurrent enhancement of the solar device. 
 
Fig. 7.1. Flowchart of optical modelling and device simulation procedure. 
7.2 Dielectric modelling 
An accurate determination of the optical properties [refractive index n(λ) and extinction 
coefficient k(λ)] of TCO films is essential for simulating the device performance and 
optimising the design of thin-film Si solar cells. Optical constants of transparent thin-
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film coatings are commonly derived by transmittance (T) and reflectance (R) data 
measured by UV-Vis spectrometry. In recent years, spectroscopic ellipsometry (SE) 
has been widely applied to evaluate the optical constants of thin-film materials. In this 
work, the optical constants of the AZO films deposited at SERIS by magnetron 
sputtering were calculated based on both UV-Vis and SE measurements. 
SE measurements were performed on a rotating analyser ellipsometry (SemiLab, SE-
2000). The ellipsometric data, psi (Ψ) and delta (Δ), were acquired at two different 
angles of incidence (56° and 65°) over the wavelength range from 300 to 1200 nm. The 
incidence angle was chosen around the Brewster angle to ensure a maximal difference 
between p- and s-polarisation. The Spectroscopic Ellipsometry Analysis (SEA, 
WinElli3) software was used to find the optimal fitting parameters so that the calculated 
Ψ and Δ would closely match the experimental values for the extraction of the complex 
refractive index and layer thickness of the TCO thin films. Three dielectric models 
were used to parameterise the TCO’s optical functions from the ultraviolet to the near-
infrared range: Tanguy model, Drude model and Harmonic oscillator model. 
Spectral transmittance and reflectance data were measured with a UV-Vis-NIR 
spectrophotometer at normal incidence for the 300 to 1200 nm wavelength range. The 
UV-Vis curve fitting method was carried out using a commercial optical fitting 
software, Coating Designer (CODE) [132]. A rigorous fitting algorithm based on the 
downhill simplex method was applied within the software to find the optimal fitting 
parameters. Similar to the ellipsometry fitting, three dielectric models were utilised to 
model the TCO’s optical properties: O’Leary-Johnson-Lim (OJL) model, extended 
Drude (EDR) model and Kim oscillator model. 
With regard to the dielectric modelling, the dielectric function of TCO films (εTCO) can 
be split into three types of electronic excitations (inter-band transition, bandgap 
transition and intra-band transition), as follows: 
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TCO vacuum inter-band bandgap intra-band( ) ( ) ( ) ( )E E E E                           (7.1) 
where εvaccum = 1 is the dielectric constant at high energies (E → ∞) when the electric 
polarisation can no longer follow the oscillating light field, εinter-band represents the high 
energy inter-band contribution to the dielectric function, εbandgap represents the bandgap 
absorption contribution, and εintra-band represents the intra-band contribution due to free 
carrier absorption. Details about the dielectric function models and the fitting methods 
can be found in Refs. [208-212]. 
 Inter-band transition 
Both the Harmonic model and the Kim oscillator model are commonly used to describe 
the inter-band transition in TCO films from the valence band to the high energy states 
of the conduction band. This transition usually occurs at high energy levels (e.g., E > 
4 eV) outside the measured spectral range and thus might involve the conduction band 
without considering the details of the band structure. The Harmonic oscillator is a 
simplified model to approximate such high-energy inter-band transitions. The Kim 
oscillator model is the extended version of the simple Harmonic oscillator that 
additionally introduces a frequency-dependent damping constant [213], and thus the 
Kim model enables a continuous shift of the line shape between a Gaussian and a 
Lorentzian profile. 
 Bandgap transition 
The Tanguy and OJL models are typically used to describe the bandgap transitions in 
TCO films. The Tanguy model is an analytical expression of the complex dielectric 
function of the associated Wannier excitons, which includes contributions of all bound 
and unbound states [214]. This expression is good for approximating semiconductor’s 
optical properties near the bandgap region at high carrier densities. In contrast, the OJL 
model assumes a parabolic density of states (DOS) with tail states exponentially 
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decaying into the bandgap region [215]. The imaginary part of the dielectric function 
is calculated from the DOS function, while the real part is derived from the Fourier 
transform based on the Kramers-Kronig relations (KKR). 
 Intra-band transition 
The Drude model is widely used to describe the free electron contributions to the 
dielectric function for metallic materials [216, 217]. In this case, the TCO films are 
heavily doped degenerate semiconductors which behave like simple metals with lots of 
free carriers. These free carriers would cause strong absorption at particular frequencies 
below the plasma frequency. As a result, the optical transmission of the TCO films 
starts to significantly decrease in the NIR region. The classic Drude model assumes a 
simple damping constant independent on the photon energy, while the EDR model 
takes a low-frequency and a high-frequency constant to account for a smooth 
decreasing dependence of the damping constant. Thus the EDR model helps to better 
approximate the intra-band transition, since the damping of the free carriers may 
exhibit a characteristic frequency-dependence under certain circumstances (e.g., 
scattering at charged impurities). 
 Surface roughness 
Sputter-deposited TCO films generally have a native surface texture with a certain 
roughness, which may greatly affect the ellipsometry and spectrometry data. One 
typical way to express the interface roughness is via the effective medium 
approximation (EMA) method. In this work, the surface roughness is assumed as a thin 
layer uniformly mixed of voids (air) and bulk TCO film based on the Bruggemann 
model [218], which helps to further improve the accuracy of the optical modelling. 
The fitting procedure of the optical spectra was performed using the following steps, 
see Fig. 7.2: (i) UV-Vis and SE measurements are carried out with suitable sample 
configurations to accurately yield experimental data. (ii) Appropriate dielectric models 
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are selected based on the material type of the thin-film coating. (iii) Initial values of the 
model parameters and estimated film thickness of the multi-layer structure are chosen. 
(iv) Based on the chosen input values, the software generates the optical spectra and 
compares them with the experimental data, while varying the fitting parameters until a 
satisfactory fitting result is achieved. 
 
Fig. 7.2. Flowchart of the curve fitting procedure applied to the measured optical 
spectra. 
Figure 7.3 shows a schematic diagram of the two-layer model (bulk and surface) 
assumed in the optical modelling. The incident light shines from the air side (i.e., 
coating side) onto the AZO sample. The surface mixture layer is introduced to represent 
the texture roughness of the AZO film. The glass sheet is 3 mm thick and thus can be 
considered as infinitely thick in these ellipsometric calculations. In addition, the glass 
substrate is treated as ideally transparent (k = 0) over the entire wavelength range of 
interest (i.e., 300–1200 nm). 
 
Fig. 7.3. Schematic diagram of the sample structure assumed in the dielectric modelling. 
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Figure 7.4 shows the experimental (represented by square symbols) and calculated 
(represented by solid lines) ellipsometry data of a flat AZO film (approximately 900 
nm thick), while Fig. 7.5 compares the corresponding transmittance and reflectance 
spectra. As can be seen, the two-layer model yields very good fitting results to both the 
ellipsometric and the transmittance spectra. It is clearly seen that the amplitude and 
position of interfering fringes of the generated curves agree well with the experimental 
data. The film thickness of the bulk AZO layer is related to the oscillation fringes, 
namely inversely proportional to the spacing distance between two adjacent maxima 
(or minima) points. 
Figure 7.6 compares the complex refractive index of the SERIS AZO films as derived 
from the measured SE and UV-Vis data. As can be seen, both experimental data sets 
produce very similar results. The extracted refractive index of the SERIS AZO film is 
used as one of the optical input parameters in the optical scattering modelling and the 
solar cell device simulation studies (see Sections 7.3 and 7.4). 
 
Fig. 7.4. Ellipsometric data (Ψ and Δ) of 900 nm thick flat AZO film as a function of 
wavelength, acquired at two different angles of incidence (56° and 65°). The square 




Fig. 7.5. UV-Vis spectrometric transmittance (T) and reflectance (R) data of 900 nm 
thick flat AZO film as a function of wavelength. The square symbols are the 
experimental data, while the solid lines are the calculated data. 
 
Fig. 7.6. Complex refractive index of 900 nm thick flat AZO film derived from SE and 
UV-Vis data. The square symbols are the SE results, while the solid lines are the UV-
Vis results. 
7.3 Optical scattering modelling of AZO films 
Amorphous Si is known to have a limited photocurrent because of its relatively large 
bandgap of ~1.7 eV (high thermalisation losses in NIR region) and weak light 
absorption from 600 to 800 nm [219]. To improve the photon absorption, one direct 
approach is to increase the film thickness of the absorber layer. But the use of a thicker 
absorber generally suffers more from the inferior electron transport and recombination 
losses, which can greatly reduce the current collected by the electrodes. In addition, a 
thicker a-Si:H layer is more susceptive to the light-induced degradation. Therefore it is 
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desirable to have an electrically thin but optically thick absorber layer. One practical 
approach is to effectively scatter the incident light by use of textured interfaces, and 
thus increasing the optical light path inside the absorber without physically increasing 
the layer thickness. Additionally, the use of a metallic back reflector can help to further 
enhance the light absorption by reflecting long-wavelength photons back into the 
absorber. Figure 7.7 illustrates the light scattering behaviour in a typical superstrate 
thin-film a-Si:H solar cell. The spectral haze value and the angular resolved scattering 
(ARS) are the two most used properties to quantify the light scattering capabilities of 
the textured interfaces. In this work, the spectral haze was modelled through the power 
spectral density (PSD) method and the ARS was simulated using the phase model. 
 
Fig. 7.7. Schematic illustration of the simplified light scattering behaviour in a typical 
superstrate a-Si:H solar cell with rough interfaces. The arrows represent the optical 
path of the incident and scattered light. n stands for the index of refraction for each 
layer of the structure. 
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7.3.1 Optical modelling of the spectral haze 
7.3.1.1 Analytic expression 
The transmission haze value describes the fraction of scattered (diffuse) light compared 
to the total intensity of light passing through the interface (see Eq. 3.7 in Section 3.3.3). 
Based on the scalar scattering theory, the following analytical expression for the haze 
value was proposed by C. Carniglia [195], as given by: 
        2
2 2 1 1
2π









                      (7.2) 
where HT stands for the haze value in transmission, 2π/λ represents the wave vector, σ 
is the surface roughness, n1 and n2 are the refractive indices of the two media, θ1 is the 
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                                    (7.3) 
This equation is a good approximation of experimental haze values if the interface 
roughness is randomly distributed in a Gaussian profile, which is usually not the case 
for textured TCO films. As a result, some significant deviations were found in the 
literature when using the classic formula. To get a better match with the measurements, 
the used exponential factor needs to greatly differ from the value (a fact of two) 
presented in Eq. 7.3. As reported in literature, an exponential factor of around three 
was suggested by Zeman et al. for textured SnO2 [196] and by Stiebig et al. for HCl 
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Another deviation comes from the surface roughness value which seems to be smaller 
than the root-mean-square (RMS) value determined from the AFM measurements. This 
difference can be as large as 50% for HCl textured AZO films [221]. Therefore the 
equation was further modified by Krč et al. who introduced a roughness correction 
factor (CT), see Eq. 7.5. This factor needs to be wavelength dependent in order to obtain 
better agreement with experimental results [197]. But these fitting factors come from 




1 exp[ ( ( ) ) ]T TH C n n 

                                     (7.5) 
In this work, to tackle the abovementioned issues, the spectral haze value of textured 
AZO films was simulated using the power spectral density (PSD) function. This PSD 
based method was initially proposed by Sahraei et al. for the optical modelling of haze 
values for aluminium-induced texture (AIT) glass substrates [201, 202]. This method 
involves the use of two fitting factors, a wavelength-dependent relative roughness (σrel) 
function and an analytically derived correction factor C(λ), both based on the PSD 










                           (7.6) 
where ε1 and ε2 are the complex dielectric constants of the two media (e.g., AZO and 
air). The relative roughness is the effective surface roughness relevant to the scattered 
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             (7.7) 
In actual spectrometric measurements (normal incidence), the haze value is obtained 
as the fraction of the transmitted light intensity that lies outside the directly transmitted 
beam at angles larger than a pre-defined opening angle (8° in this work), as illustrated 
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in Fig. 7.8. The correction factor [i.e., C(λ)] was proposed to describe this deviation as 
a function of the wavelength [223], as defined in Eqs. 7.8 - 7.10: 
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                                     (7.10) 
where G denotes the power spectrum factor, Δq represents the momentum changes of 
the scattered light within the opening angle, sgn stands for the sign function, and Δθ is 
half of the opening angle in the spectrometric measurements (Δθ = 4° in this work). 
 
Fig. 7.8. Typical configuration of a transmission haze measurement by use of an 




7.3.1.2 Power spectral density (PSD) 
Figure 7.9 shows the simulation procedure of the haze value using the power spectral 
density (PSD) function of the textured AZO films. The PSD function of the textured 
surface was obtained through the 2-dimensional Fast Fourier Transform (2D-FFT) of 
the AFM scan of the corresponding AZO film. The PSD function provides graphic 
information about the amplitude of the sample’s surface roughness as a function of the 
spatial frequency. The spatial frequency f represents the characteristics of the periodic 





                                                       (7.11) 
where f is the spatial frequency and λ represents the period wavelength of the surface 
roughness features. 
 
Fig. 7.9. Flowchart of spectra haze simulation procedure based on power spectral 
density (PSD) function method. 
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Due to the technical limits of AFM measurements, the generated PSD function is band-
limited within a specific interval from 1/L to 1/Δx, and discrete with an equal spacing 
of Δx [150], where L is the AFM image length size (i.e., 10 µm in this work) and Δx is 
the AFM measurement resolution (i.e., 19.6 nm in this work). An ABC-based function 
is commonly used to curve fit the discrete PSD function [224, 225], as follows: 











                                      (7.12) 
where A, B and C are the three model fitting parameters. The parameter A defines the 
power in the small frequencies and is directly related to the roughness value. The 
parameter B defines the “knee” in the log-log plot and is considered as the correlation 
width of the surface irregularities. The parameter C defines the high spatial frequency 
behaviour. Based on these three fitting parameters, the haze value of a textured AZO 
film can be calculated accordingly, see Eqs. 7.6 - 7.10. If the calculated haze value (into 
air) fits well with the experimental value, the transmission haze into the absorber (e.g., 
a-Si:H in this work) can be accurately simulated by changing the refractive index of 
the interface media (e.g., change from AZO/air to AZO/a-Si:H). 
In addition to the haze simulation, some additional morphological parameters can be 
acquired at the same time by using these fitting parameters, such as the total roughness 
(σtot) and the autocorrelation length (τcl), see Eqs. 7.13 and 7.14. The total roughness 
stands for the overall roughness of the textured surface while the autocorrelation length 















                                                  (7.14) 
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In this work, four different AZO texture morphologies (as-grown, HF textured, HCl 
textured, and two-step textured) were studied in detail. The AZO films were prepared 
on planar soda-lime glass sheets by magnetron sputtering and a post-deposition wet-
chemical etching process, as briefly summarised in Table 7.1. The as-grown sample 
corresponds to the initial state of the as-deposited AZO films without any surface 
treatment, which thus has a rather flat surface like the planar case. HF textured, HCl 
textured, and two-step textured samples correspond to AZO films etched by using 
either hydrofluoric acid, hydrochloric acid, or a two-step combination of both acids. 
Details about the sample preparation, film properties and surface texturing processes 
of these AZO films were discussed in Chapter 4. 
Table 7.1. Summary of deposition and wet-chemical etching conditions of the four 















-3 350 650 − − 
HF 
textured 2.0 3×10
-3 350 650 1% HF 20 
HCl 
textured 2.0 3×10
-3 350 650 0.5% HCl 20 
Two-step 
textured 2.0 3×10
-3 350 650 
0.5% HCl 
/ 1% HF 
20 / 20 
Figure 7.10 shows the AFM 2D images of these differently textured AZO films while 
Fig. 7.11 compares the corresponding PSD functions derived from the AFM scans. 
Very good fit results, from 0.5 to 50 µm-1, were obtained by using the ABC-based 
model of Eq. 7.12. Based on these fitting parameters, Fig. 7.12 shows the spectral 
transmission haze value of AZO films into air and into an a-Si:H layer, respectively. A 
good agreement between the experimental and simulated data is observed for light 
scattering at the AZO/air interface, see Fig. 7.12(a). At 700 nm wavelength, the HF 
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textured, HCl textured and two-step textured AZO films scatter around 6%, 12% and 
26%, respectively, of the total light intensity transmitted into air, which gets enhanced 
to 49%, 71% and 91%, respectively, for scattering into an a-Si:H layer. With regard to 
the as-grown sample, the native surface texture of the as-grown AZO film barely 
scatters any light (< 1% across the solar spectrum) into air, but it scatters some of the 
visible light (~17% at 400 nm, decreasing to 3% at 700 nm) into an a-Si:H layer. 
 
Fig. 7.10. AFM images of the four investigated AZO films with different surface 
textures: (a) as-grown, (b) HF textured, (c) HCl textured, and (d) two-step textured. 
 
Fig. 7.11. Experimental and calculated power spectral density (PSD) function of AZO 





Fig. 7.12. Spectral dependence of AZO’s haze value transmitted (a) into air and (b) into 
an a-Si:H layer. The symbols are the experimental data, while the solid lines are the 
simulated data. 
7.3.2 Optical modelling of the angular resolved scattering (ARS) 
The ARS describes the intensity of scattered light in a certain direction. In this work, 
the ARS properties of textured AZO films were simulated using the phase model. The 
phase model was proposed by Dominé et al. to calculate the angular dependence of 
scattered light for various textured interfaces (including both wet-chemically etched 
ZnO:Al and LPCVD-grown ZnO:B films) based on the scalar scattering theory [205-
207]. In the phase model it is assumed that the incident light is a plane wave with a 
phase of φ0. This plane wave experiences a certain phase change (Δφ) while 
propagating through the textured interface [i.e., travel a distance ζ(x, y) in medium 1 
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with refractive index n1 and a distance d-ζ(x, y) in medium 2 with refractive index n2], 
see Fig. 7.13. The ARS properties are modelled by FFT of the phase shift function 
determined from the AFM surface profile. 
 
Fig. 7.13. Schematic diagram of the phase change at the textured interface. 
The phase change (Δφ) between the incident and outgoing beam is calculated via: 
1 2 1 2
2π 2π 2π
( ) [ ( )] ( )( ) constantn x n d x x n n  
  
                     (7.15) 
where the constant contains the layer thickness (d). The aperture function (U0) is built 
based on the phase change of the plane wave passing through the textured interface, as 
follows: 
0 exp( )U T i                                                 (7.16) 
where T is the transmission through the textured interface. Fourier transforming the 









   F                                     (7.17) 
where AS is the scattering aperture surface, F  represents the Fourier transform, and 
𝑈0(x̂, ŷ) stands for the aperture function scaled by the wavelength (i.e., x̂ = x/λ,  ŷ =
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y/λ). The two-dimensional angle resolved scattering is correlated with the diffracted 
radiance in propagating modes (α2 + β2 < 1), as follows: 
 ARS( , ) cos ( , )SA L                                        (7.18) 






                                                   (7.19) 
2 2cos( ) 1                                              (7.20) 
Considering perpendicular light incidence and isotropic scattering, the two-
dimensional ARS can be simplified to a one-dimensional ARS by integrating over the 
azimuthal angle via: 
 
2DARS( ) ARS ( , )d                                         (7.21) 
This one-dimensional ARS is typically used for the device simulation, which describes 
the distribution of diffuse scattered light from 0° to 90° (directional dependence). The 
ARS was calculated for all wavelengths from 350 to 1000 nm, but only the data for the 
wavelength of 700 nm is shown here as a representative example. The light scattering 
behaviour in the 600–800 nm range is most important for the performance enhancement 
of a-Si:H solar cells, due to the small absorption coefficients close to the bandgap 
energy (e.g., ~2×103 cm-1 at 700 nm wavelength). The ARS is generally normalised so 
that the sum of the components equals unity (i.e., the total transmission equals 100%), 
as follows: 




2π ARS( )sin( ) 1d                                       (7.22) 
 135 
 
Figure 7.14 compares the simulated angular dependence of the light scattering (in 
logarithmic scale) between AZO/air and AZO/a-Si:H interfaces. A high ARS intensity 
means that more light gets scattered into that particular angle. The high intensity near 
0° is due to specularly transmitted light that is not scattered by the texture of the front 
AZO. It can be seen that there is much more light directly transmitted (i.e., not scattered) 
into air than into an a-Si:H layer, represented as a low haze value in Fig. 7.12 and a 
high intensity of low angle scattering in Fig. 7.14. For thin-film Si solar cells it is 
desirable to have more light scattered into larger angles, as this enhances the optical 
path length within the absorber layer and thus increases the photogenerated current. 
Among the four investigated samples, the two-step textured AZO gives the best optical 
scattering in terms of both spectral haze value and ARS intensity. 
 
Fig. 7.14. Simulated angular resolved scattering intensity of AZO films (a) into air and 
(b) into an a-Si:H layer, for the wavelength of 700 nm. 
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7.4 Device simulation of thin-film a-Si:H solar cells 
7.4.1 Input parameters 
Advanced Semiconductor Analysis (ASA) is a one-dimensional (1D) semiconductor 
simulator software dedicated for the device performance simulation of thin-film based 
Si solar cells [37, 133]. Within the ASA programme, an opto-electronic device is built 
up by specifying a stack of layers, assigning electrical and optical properties to each 
layer, and attributing a light scattering behaviour at each interface [226]. Figure 7.15 
shows an ASA screenshot of the superstrate p-i-n thin-film a-Si:H solar cell studied in 
this section. 
 
Fig. 7.15. ASA screenshot of a superstrate thin-film a-Si:H solar cell structure. 
In this work, the electrical modelling parameters were taken from Refs. [226-230] and 
slightly modified for simulating a-Si:H solar cells, as summarised in Table 7.2. 
Identical thicknesses for each layer were assumed for both planar and textured samples. 
The soda-lime glass sheet has a thickness of 3 mm. The front AZO electrode is assumed 
to be 650 nm thick, while the bilayer stack of AZO and Al (each 100 nm thick) is used 
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as the back surface reflector and rear contact. The absorber (i-layer) is assumed to be 
300 nm thick, which is around the optimal layer thickness for thin-film a-Si:H solar 
cells [13, 231]. It is essential to accurately describe the density of states (DOS) 
distribution for the active p-i-n layers. The DOS function consists of the distribution of 
extended valence band (VB) and conduction band (CB) states, the distribution of the 
valence and conduction band tail states, and the distribution of the dangling bond (DB) 
defect states. The dangling bonds around the mid-gap level are modelled with the defect 
pool model proposed by Powell and Deane [232]. 
The optical input consists of the complex refractive indices of the layer materials and 
the light scattering data (haze and ARS) of the textured interfaces. Figure 7.16 shows 
the relevant refractive indices (n) and extinction coefficients (k) of the thin-film 
materials used in the ASA simulations. The optical constants of the AZO films are 
generated based on curving fitting of ellipsometry and UV-Vis measurements (see 
Section 7.2), while the light scattering data of the textured interfaces are simulated by 
use of the PSD function and the phase model (see Section 7.3). 
 
Fig. 7.16. (a) Refractive index and (b) extinction coefficient of the thin-film materials 
used in the ASA simulation. 
Some assumptions have been made in order to simplify the device simulation process, 
as follows: (i) The light scattering behaviour is considered at the front and back AZO/a-
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Si:H interfaces while neglecting all other interfaces, since the difference in the 
refractive index between adjacent layers is only significant for the AZO/p-layer and the 
n-layer/AZO interfaces. (ii) The glass sheet is assumed to be perfectly transparent with 
a constant refractive index of 1.5 and an extinction coefficient of 0 (non-absorbing) for 
the entire solar spectrum. (iii) The front AZO and rear AZO/Al electrode is considered 
as the optical layer only in the simulation. The series and shunt resistance is kept 
constant at 4 and 4000 Ωcm2, respectively. (iv) In addition, it is assumed that there are 
no changes in the electrical properties between the a-Si:H solar cells grown on as-
grown, HF textured, HCl textured and two-step textured AZO superstrates. Thus, 
identical electrical modelling parameters of the active p-i-n layers are used in the ASA 
simulations, regardless of the surface texture morphologies. 
The ASA device simulation was carried out based on the following procedures, as 
shown in Fig. 7.17. (i) Accurately define the layer structure and appropriately set the 
model parameters of the solar device to be simulated. (ii) Input relevant optical 
constants and light scattering data (haze and ARS) into ASA for the optical simulation, 
which delivers the photogeneration rate profile as the output. (iii) The calculated 
photogeneration rate profile is used as input data for the electrical simulation together 
with some pre-defined electrical modelling parameters of the solar device. (iv) Once 
the thermal equilibrium (e.g., Poisson and continuity equations) is solved, the ASA 
programme directly generates the device performance data, such as spectral response 
(SR), capacitance-voltage (C-V) profile and electrical current density-voltage (J-V) 
characteristics, of the simulated thin-film Si solar cell under standard one-sun AM 1.5G 




Fig. 7.17. Flowchart of a typical device simulation procedure applied within the ASA 
simulator. Taken from the ASA manual [234]. 
 140 
 
Table 7.2. Model parameters for simulating a-Si:H solar cells in the ASA simulator. 
Data taken from Refs. [226-230] and slightly modified. For the definition of the 
parameters see the List of Symbols in the front part of this thesis. 
Structure 
 p-layer i-layer n-layer 








Transport, doping and extended states 
 p-layer i-layer n-layer 
Eµ (eV) 1.90 1.75 1.73 
εr 11.9 11.9 11.9 
















-4 1×10-3 1×10-4 
Ea (eV) 0.55 − 0.29 
Band tail states 
 p-layer i-layer n-layer 
Ev0 (meV) 85 47 85 
Nv0 (m-3) 4.6×1027 3.0×1025 4.6×1027 
𝜎𝑝
0 (m-3/s) 7×10-16 7×10-16 7×10-16 
𝜎𝑛
+ (m-3/s) 7×10-15 7×10-15 7×10-15 
Ec0 (meV) 51 28 51 
Nc0 (m-3) 4.6×1027 3.0×1025 4.6×1027 
𝜎𝑛
0 (m-3/s) 7×10-16 7×10-16 7×10-16 
𝜎𝑝
− (m-3/s) 7×10-15 7×10-15 7×10-15 
Dangling bond states 
 p-layer i-layer n-layer 
U (eV) 0.2 0.2 0.2 
Ndb (m-3) 1.35×1025 1.9×1022 2.7×1024 
Edb (eV) 1.27 1.27 1.24 
𝜎𝑝
0 (m-3/s) 1×10-15 1×10-15 1×10-15 
𝜎𝑛
0 (m-3/s) 1×10-15 1×10-15 1×10-15 
𝜎𝑝
− (m-3/s) 1×10-14 1×10-14 1×10-14 
𝜎𝑛
+ (m-3/s) 1×10-14 1×10-14 1×10-14 
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7.4.2 Optical performance analysis 
The optical transparency of the front AZO layer can directly affect the light absorption 
and thus significantly determines the device performance of thin-film Si solar cells. As 
a rule of thumb, the visible transmission of the AZO layer needs to be at least 80% and 
the light should be scattered as much as possible by the textured interface. But the 
optical properties of the AZO layer can only be experimentally assessed at the AZO/air 
interface (i.e., without depositing the non-transparent Si absorber layer). The light 
intensity transmitted into the real device (e.g., a-Si:H) could be totally different 
compared to the light intensity transmitted into air, due to large differences in the 
refractive indices. Therefore, for improving the device design of thin-film a-Si:H solar 
cells, it is essential to determine the light transmission into the a-Si:H layer via 
theoretical simulation studies. 
Figure 7.18 compares the measured transmittance (both total and diffuse) into air and 
simulated transmittance into a thin-film a-Si:H layer. Opposite trends are observed 
between the AZO/air and AZO/a-Si:H interfaces since the light propagation strongly 
depends on the refractive indices of the two constituting media of the scattering 
interface. The total transmission into air (average value in visible range) decreases from 
around 85% for the as-grown interface to around 70% for the two-step textured 
interface due to pronounced light trapping (via total internal reflection) within the AZO 
layer, caused by the rough surface [see Fig. 7.18(a)]. Simultaneously, the diffuse 
transmission increases from virtually 0% to around 40% at 450 nm wavelength. In 
contrast, the textured AZO allows more light to be transmitted into the a-Si:H layer 
than into air, while no big difference is observed for the planar AZO. In the 400–600 
nm range, the as-grown interface transmits around 80–85% of the light into the a-Si:H 
layer. In addition, the native texture of the as-grown interface scatters several percent 
of the light into the a-Si:H layer, while this effect is negligible for scattering into air. 
For the two-step textured interface, approximately 90% of the visible light propagates 
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into the a-Si:H layer and nearly all transmitted light gets scattered by the rough surface 
textures of the front AZO electrode [see Fig. 7.18(b)], which confirms an effective light 
scattering scheme. 
 
Fig. 7.18. (a) Experimental total (Ttotal) and diffuse (Tdiff) transmittance from AZO into 
air, and (b) simulated total and diffuse transmittance from AZO into an a-Si:H layer. 
The simulation studies can also help to further specify the front reflection and light 
absorbance in each layer of the thin-film a-Si:H solar cells with as-grown, HF textured, 
HCl textured, and two-step textured interfaces, see Fig. 7.19. Irrespective of the 
interface texture, the front TCO layer absorbs photons from the entire solar spectrum, 
especially in the UV range (< ~370 nm) due to inter-band absorption and in the NIR 
region due to free carrier absorption. As the first layer of the active p-i-n diode, the p-
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layer strongly absorbs photons in the 350 to 600 nm range, despite a very thin layer 
thickness of 15 nm. Most of the visible light (for example up to 80% at 550 nm) is 
absorbed by the 300 nm thick intrinsic absorber layer. Very few photons with 
wavelength < 550 nm can reach the n-layer at the rear side. As a result, the n-layer 
weakly absorbs the light from 550 nm up to the absorption edge at around 800 nm. The 
remaining photons will then enter and get absorbed by the rear AZO and Al layers. 
There is no light get transmitted through the a-Si:H solar cell. 
 
Fig. 7.19. Simulated front reflectance and optical absorbance in the various layers of 
an a-Si:H solar cell with four different AZO front textures: (a) as-grown, (b) HF 
textured, (c) HCl textured, and (d) two-step textured. 
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The effect of the textured interfaces is also clearly seen in the optical absorbance, in 
terms of light in-coupling and light trapping, as explained below for the simulated a-
Si:H solar cells. 
Light in-coupling: A textured interface has certain anti-reflective properties at the 
front side of the solar cell, due to the graded index of refraction that forms at the rough 
front AZO/a-Si:H interface. This anti-reflection effect applies to all wavelength ranges 
of the solar spectrum, as less photons get reflected (i.e., reduced front reflection losses) 
and thus more photons get coupled/confined into the absorber layer. 
Light trapping: A textured interface effectively scatters and traps photons inside the 
absorber layer. The scattering of light into larger angles leads to an elongation of the 
optical path length and thus higher chances of photon absorption. Better light 
absorption contributes to an enhanced short-circuit current density and, potentially, a 
better efficiency of the solar cell. This light scattering effect mainly applies to the 
weakly absorbed long-wavelength photons which can reach the back reflector of the 
solar cell. 
Figure 7.20 and Table 7.3 show the equivalent photocurrent density (Jeqv) of front 
reflection and light absorption in each layer of the a-Si:H solar cells, assuming that 
each absorbed photon generates one electron-hole pair. The total photocurrent density 
of the standard one-sun AM 1.5G solar spectrum between 350 and 800 nm equals ~26.8 
mA/cm2, which is the Shockley-Queisser limit of the Jsc. The maximum optically 
possible Jsc value is defined by the Yablonovitch limit (the 4n2 factor, i.e., the optical 
light path gets enhanced by a factor of 4n2) [235, 236], which is equal to 23.2 mA/cm2. 
For the simulated a-Si:H device, the major optical losses come from the front reflection, 
followed by non-ideal parasitic absorption by both the back AZO/Al contact and the 
front AZO layer. Compared to the as-grown interface, the two-step textured interface 
greatly reduces the front reflection losses by two-thirds (from 10.48 to 3.32 mA/cm2), 
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while simultaneously enhancing the light absorption within the i-layer by ~20% (from 
11.75 to 14.65 mA/cm2). The textured interface also causes a slightly increased photon 
absorption within the front AZO layer, from 1.46 to 2.71 mA/cm2. There is absorption 
corresponding to around 1–2 mA/cm2 of current occurring in the p-layer. In contrast, 
the absorption in the n-layer is quite negligible (< 0.85 mA/cm2). The total light 
absorbed by the p-i-n diode is equivalent to a photocurrent density of around 13.3 
mA/cm2 for the cell on the as-grown AZO, which increases to 15.1 mA/cm2 for the cell 
on the HF textured AZO, 16.8 mA/cm2 for the cell on the HCl textured AZO, and 17.5 
mA/cm2 for the cell on the two-step textured AZO. 
Table 7.3. Equivalent photocurrent density (Jeqv, from 350 to 800 nm) of front reflection 




Equivalent photocurrent density (mA/cm2) 
As-grown HF textured HCl textured Two-step 
textured 
Front AZO 650 1.46 1.90 2.67 2.71 
p-layer 15 1.11 1.48 1.80 2.05 
i-layer 300 11.75 12.99 14.23 14.65 
n-layer 20 0.40 0.58 0.74 0.84 
Back AZO 100 0.11 0.30 0.63 0.74 
Back Al 100 1.10 1.80 2.88 2.51 
Reflection at front side 10.48 6.73 3.82 3.32 
Total p-i-n diode 
photocurrent density 
13.3 15.1 16.8 17.5 
Yablonovitch limit (4n2) 23.2 




Fig. 7.20. Equivalent photocurrent density (Jeqv, from 350 to 800 nm) of front reflection 
loss and light absorption in each layer of the a-Si:H solar cells. The percentage value 
represents the change of the photocurrent density of the cell on the two-step textured 
AZO compared to that of the cell on the as-grown AZO. 
7.4.3 Device performance analysis 
Figure 7.21 shows the photogeneration rate profile of the simulated thin-film a-Si:H 
solar cells for 600 nm light and the entire AM 1.5G spectrum, respectively. The 
photogeneration rate gives the number of light-generated electron-hole pairs at each 
point in the device (as a function of the distance from the front surface of the p-layer 
towards the rear surface of the n-layer). The photogeneration rate shows an abrupt jump 
at the p-i interface (i.e., at a cell depth of 15 nm), while the photogeneration rate then 
decreases sub-exponentially and gradually becomes almost constant with increasing 
distance from the front surface. At the i-n interface (i.e., at a cell depth of 315 nm) the 
AM 1.5G photogeneration rate increases abruptly, which is due to the higher absorption 
coefficient of the n-doped layer. Generally, texturing helps to enhance the 
photogeneration near the back surface, due to better utilisation of long-wavelength light. 
Among the four investigated samples, the simulated a-Si:H solar cell on the two-step 
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textured AZO has the highest photogeneration rate, especially beyond a depth of 100 
nm from the p-layer surface, which leads to a higher photocurrent density of the device. 
 
Fig. 7.21. Simulated electron-hole pair photogeneration rate profile of a-Si:H solar cells 
for (a) AM 1.5G spectrum, and (b) 600 nm light, as a function of the distance ('cell 
depth') from the front surface of the cell’s p-layer. 
Figure 7.22 shows the simulated external quantum efficiency (EQE) of the a-Si:H solar 
cells. The EQE is the electron flux in the external circuit relative to the incident photon 
flux, at short-circuit conditions. The EQE includes the effects of optical losses at the 
front side (reflection) and the rear surface (transmission). The a-Si:H material is 
sufficiently absorptive in the short-wavelength range and thus can make use of most of 
the incoming photons in the 400 to 600 nm range, including the cell on the as-grown 
AZO. The texturing mainly helps the light utilisation for the poorly absorbed photons 
(from 600 nm to the bandgap wavelength). Compared to the as-grown interface, the 
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texturing helps to increase the quantum efficiency by about 15–20% in the wavelength 
range of 600 to 800 nm. But even for the two-step textured interface, there is still a 
significant portion of the long-wavelength photons that is not absorbed by the device, 
especially near the absorption edge (~750–800 nm) of the a-Si:H material. The 
ineffective utilisation of long-wavelength light severely limits the photocurrent density 
and thus affects the PV efficiency of a-Si:H based solar cells. 
 
Fig. 7.22. Simulated external quantum efficiency (EQE) of thin-film a-Si:H solar cells 
with different front AZO surface morphologies. 
Figure 7.23 and Table 7.4 show the simulated device performance (J-V characteristics) 
of these a-Si:H solar cells with different front AZO surface morphologies. The surface 
texturing significantly enhances the short-circuit current density (Jsc), from 12.6 
mA/cm2 for the cell on the as-grown AZO to 14.4 mA/cm2 for the cell on HF textured 
AZO, 15.9 mA/cm2 for the cell on HCl textured AZO, and 16.5 mA/cm2 for the cell on 
two-step textured AZO. It should be noted that the obtained Jsc value is smaller than 
the total equivalent photocurrent absorbed in the p-i-n diode (see Table 7.3) due to 
resistive, recombination and other losses. In contrast, there is little difference in the 
open-circuit voltage (Voc) and the fill factor (FF) of the solar cells. The Voc slightly 
increases from 853 to 856, 859 and 860 mV, while the FF gradually decreases from 
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71.2 to 70.0, 69.6 and 69.3%, respectively. As a result, the PV efficiency of the solar 
cells increases from 7.7 to 8.6, 9.4 and 9.9%, respectively. Among the four investigated 
texture morphologies, it is clear that the two-step textured surface can give the best 
efficiency of thin-film a-Si:H solar cells, which is well correlated with the observed 
optical properties (a high haze value and good ARS intensity into large angles) of the 
AZO superstrates. 
 
Fig. 7.23. Simulated one-sun current density-voltage (J-V) characteristics of thin-film 
a-Si:H solar cells with different front AZO surface morphologies. 
Table 7.4. Simulated one-sun performance parameters of thin-film a-Si:H solar cells 














As-grown 672 11.4 853 12.6 71.2 7.7 
HF 
textured 
661 13.0 856 14.4 70.0 8.6 
HCl 
textured 
665 14.2 859 15.9 69.6 9.4 
Two-step 
textured 
669 14.8 860 16.5 69.3 9.9 
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7.5 Chapter summary 
This chapter presented the dielectric modelling of AZO films, the modelling of optical 
scattering by textured interfaces, and one-sun device simulation studies of thin-film a-
Si:H solar cells using the software package ASA. The complex refractive indices of the 
AZO films were accurately determined via dielectric modelling of measured SE and 
UV-Vis data. In line with the literature, the spectral haze and the angular resolved 
scattering were used to quantify the light scattering capabilities of the textured 
interfaces. The spectral dependence of the haze value was generated via the power 
spectral density function, while the ARS was simulated via a phase model. The derived 
optical constants (refractive index and extinction coefficient) and calculated scattering 
data (haze and ARS) served as the optical input for the ASA device simulation studies. 
AZO front electrodes with four different texture morphologies (as-grown, HF textured, 
HCl textured and two-step textured) were used in the device simulations of thin-film 
a-Si:H solar cells. Due to the almost conformal growth of the silicon thin-film diodes 
by PECVD, the front AZO surface texture was assumed to be well reproduced at other 
interfaces of the solar cell. The ASA simulation studies helped to specify the light 
absorbance and optical losses in each layer of the device, derive the photogeneration 
rate profile, and predict the external quantum efficiency and the one-sun electrical 
characteristics of thin-film a-Si:H solar cells. Of the four simulated front AZO 
electrodes, the two-step textured AZO film was shown to make the best use of light 
spectrum, produces an enhanced Jsc of 16.5 mA/cm2, and thus gives a very high PV 
efficiency of 9.9% for superstrate thin-film a-Si:H solar cells.  
It needs to be noted that this simulation study focused on the optical effects of the front 
AZO electrode. Apart from good scattering abilities, the electrical performance of the 
front AZO electrode can also affect the solar cell’s efficiency. The two-step textured 
AZO may have a relatively higher resistivity than the single-step HF or HCl textured 
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AZO films. But as long as the sheet resistance of the front electrode is around, or lower 
than, 10 Ω/sq, the electron transport would not be inhibited and thus the solar cell’s 
performance would be weakly affected. In addition to the electrode properties, in 
practice there remain technological challenges on how to maintain good Voc and FF 
(e.g., the growth of crack-free absorber layers) for thin-film a-Si:H solar cells on these 




Chapter 8 Conclusion and Proposed Future Work 
8.1 Conclusion 
This thesis investigated the film properties and surface texturing process of advanced 
transparent conductive oxide materials, focusing on aluminium-doped zinc oxide 
(AZO), as front electrode for superstrate thin-film a-Si:H solar cell applications. The 
aim of this thesis was to provide a better understanding of the TCO properties that are 
beneficial for improving the PV efficiency of thin-film solar cells. The research 
explored the possibilities to enhance the light scattering capabilities of the front TCO 
electrode via a modified surface texturing process and a better electrical conductance 
via a bilayer TCO structure. The effects of the front AZO surface morphologies on 
thin-film solar device performance were studied based on optical modelling and 
electrical simulations. The developed efficiency improvement methods for single-
junction solar cells are also applicable to the enhancement of corresponding multi-
junction thin-film solar cells. 
In this work, high-quality AZO films were prepared on planar soda-lime glass sheets 
(A3 size, 30 cm × 40 cm, and 3 mm thick) with good thickness uniformity (< 5%) by 
pulsed DC magnetron sputtering. After deposition, these sputtered AZO films were 
surface textured by a wet-chemical etching process. The developed two-step texturing 
procedure combines the advantages of HCl-induced craters and smaller-but-jagged 
features created by HF etching, which leads to enhanced light scattering capabilities 
and better lateral surface texture uniformity. It was also found that not only the material 
properties but also the surface texturing process of the AZO films can greatly depend 
on the initial as-grown layer thickness. The AZO films must be sufficiently thick to be 
able to accommodate the thickness reduction during the texture-etching process, in 
order to achieve both good electrical conductance and optical scattering as required for 
high-efficiency thin-film a-Si:H solar cells. 
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In order to improve the electrical properties of the front electrode, two bilayer TCO 
structures (ITO/iZO or ITO/AZO) were developed and analysed. It was demonstrated 
that the bilayer TCO films can be prepared in the same process flow as the standard 
single-layer AZO electrode without breaking the vacuum condition. Within the bilayer 
structure, the thin but highly conductive ITO layer mainly works as the electrical layer 
while the surface textured ZnO functions as the optical layer which provides the light 
scattering. The ITO/iZO bilayer films showed good electrical conductance, and good 
optical scattering properties (obtained over a wide process window of the surface 
texturisation process). In contrast, the ITO/AZO bilayer films showed significantly 
reduced electrical resistivity and moderate haze values after HCl texturing. These 
bilayer TCO structures have significant potential to improve the PV efficiency of thin-
film solar devices through better electrical performance (less resistive losses). 
By means of numerical modelling, a theoretical analysis was carried out with the ASA 
device simulator programme, to better understand the influence of the front AZO 
texture morphologies on the one-sun performance of superstrate thin-film a-Si:H solar 
cells. Four different AZO textures (as-grown, HF textured, HCl textured, two-step 
textured) were investigated in detail. Due to the almost conformal growth of a-Si:H 
thin-film diodes on such front electrodes by PECVD, the AZO texture morphologies 
were assumed to be well reproduced at the other interfaces of the simulated a-Si:H solar 
cells. The power spectral density function and a phase model were used for the optical 
modelling of the spectral and angular dependence of the light scattered by the textured 
interfaces. The simulated scattering data (haze and ARS) also served as the optical 
input for the one-sun device simulations. The simulation studies helped to specify the 
optical absorption and optical losses in each layer of the device, and predict the 
electrical one-sun performance parameters of the solar cells. The simulations showed 
that the two-step etching process works as an effective surface texturing technique for 
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AZO films, giving the best harvest of the solar spectrum and thus the best PV efficiency 
for thin-film a-Si:H solar cells. 
8.2 Original contributions 
The following brief summary describes the author’s primary original contributions 
obtained during this thesis work. The author’s publications are listed at the end of the 
thesis. 
 Demonstration of high-quality (highly transparent: Tvis > 80%, and low electrical 
resistivity: ρ < 10-3 Ωcm) AZO films deposited using dual cylindrical rotatable 
targets by pulsed DC magnetron sputtering over a large area (30 cm × 40 cm) with 
good thickness uniformity (thickness variation < 5%). 
 Development of a modified surface texturing procedure for AZO films using either 
a two-step or a mixture etching process based on HF and HCl acids. This modified 
texturing procedure provides better performance AZO films with enhanced optical 
scattering capabilities and a double-textured morphology (a combination of large 
HCl-etched craters and small-but-jagged HF-etched features), compared to the 
standard HCl textured AZO films. 
 The investigation of the thickness effect of sputter-deposited AZO films helped to 
better understand the material and surface texturing properties. Apart from the 
already known thickness effect on the electrical properties, it was shown that the 
post-deposition surface texturing process of the AZO films also depends on the 
initial film thickness. The AZO electrode must be thick enough (> 700 nm) to 
obtain both low electrical resistance and good optical scattering properties. 
 Development of bilayer TCO structures as the front electrode of thin-film Si solar 
cells. Within the bilayer TCO structure, a thin but highly conductive ITO film 
functions as the electrical layer while a surface textured ZnO film acts as the optical 
layer for the light scattering. The bilayer TCO films show better electrical 
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conductance and a wide process window for texturisation, which has significant 
potential for the fabrication of high-efficiency thin-film a-Si:H solar cells. 
 Dielectric modelling of the SERIS deposited TCO films based on UV-Vis 
spectrometry and ellipsometry data, which enabled an accurate determination of 
the optical constants of the thin-film coatings. 
 Optical scattering modelling of differently textured AZO superstrates and device 
simulation studies of thin-film a-Si:H solar cells. The simulation results show that 
the two-step AZO texturing process enables the a-Si:H absorber layer to utilise 
more photons of the solar spectrum, and thus improve the PV efficiency of thin-
film a-Si:H solar cells. 
8.3 Proposed future work 
In order to re-gain competitiveness with other thin-film based PV technologies, the 
efficiency of thin-film Si solar cells would have to be significantly improved towards 
about 20%, enabling PV module efficiencies of above 15%. One possibility is via the 
increase of the photocurrent density of the device, without increasing the absorber layer 
thickness. The mainstream research presently focuses on a better utilisation of the solar 
spectrum via an enhanced light trapping scheme. Under such circumstances, the state-
of-the-art thin-film devices involve the use of multi-junction solar cells, by 
monolithically interconnecting at least two sub-cells with different bandgaps, in order 
to better utilise the solar spectrum via reduced thermalisation losses [31, 39]. In 
addition, modified front electrodes with multi-textured surface morphologies can be 
introduced to provide efficient light trapping for the individual sub-cells. Figure 8.1 
shows a proposed multi-scale textured superstrate, for multi-junction solar cell 
applications (e.g., a-Si:H/µc-Si:H tandem). The multi-scale textures comprise a micro-
textured glass sheet and a sub-micron nano-textured ZnO (intrinsic or slightly-doped) 
layer. A thin but highly conductive tin oxide (e.g., In2O3:Sn, In2O3:Mo, In2O3:H) layer 
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is inserted between the glass sheet and the ZnO layer to form the bilayer TCO structure 
for enhanced electrical conductance [237, 238]. 
Multi-junction solar cells would particularly benefit from this multi-scale textured 
superstrate. Taking micromorph silicon solar cells as an example, the micron-sized 
features effectively scatter long-wavelength light, which helps to improve the 
performance of the bottom µc-Si:H sub-cell, while the sub-micron-sized features 
mainly scatter short-wavelength light, which helps to improve the performance of the 
top a-Si:H sub-cell. Various glass texturing methods have been developed in the past, 
such as aluminium-induced texturisation (AIT) [239-241], micro- or nano-imprint 
lithography [127, 147, 242, 243], reactive ion etching (RIE) [244-246] and laser-based 
techniques [247]. But the glass texturing process still needs to be further optimised in 
order to obtain large-scale texture uniformity and a more suitable morphology for the 
growth of high-quality Si thin-films (i.e., reduced density of local structural defects and 
suppressed shunting paths) [248-252]. 
 
Fig. 8.1. Schematic diagram of the proposed multi-scale textured superstrate consisting 
of a micro-textured glass pane and a bilayer TCO structure, for a typical thin-film 
micromorph tandem a-Si:H/µc-Si:H solar cell. 
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Apart from better light utilisation, the front reflection still remains as one of the major 
optical losses of thin-film Si solar cells. One common approach is to introduce an anti-
reflection coating (e.g., MgF2) on the outer glass surface [253, 254]. Additionally, a 
graded refractive index structure (e.g., SiNxOy) can be inserted between the glass pane 
and the TCO layer [255, 256]. It is advantageous to use a SiNxOy interlayer for thin-
film Si solar cells, as this would not only provide better anti-reflection, but would also 
prevent the diffusion of sodium ions (Na+) from the soda-lime glass pane into the TCO 
layer. Moreover the SiNxOy interlayer may also act as the seed layer for the growth of 
AZO films with better material properties [257, 258]. 
In addition to these experiments, it is worthwhile to continue the theoretical simulation 
studies by considering the combined effect of both optical and electrical performance 
of single-layer versus bilayer TCO structures, involving different surface texturing 
approaches (e.g., double-texture). This theoretical performance prediction of thin-film 
Si solar cells can be verified by means of applying different TCOs to actual thin-film 
devices during the experimental studies. 
To conclude, the efficiency of thin-film Si solar cells can be further improved by 
employing advanced TCO electrodes. With the help of multi-scale surface texture 
morphologies, a bilayer TCO structure and a thin SiNxOy interlayer, it is possible to 
prepare high-efficiency single-junction and multi-junction thin-film silicon solar cells 
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Appendix: Physical Constants 
Symbol Meaning Value Unit 
c Speed of light in vacuum 299792458 ms-1 
h Planck constant 6.62606957×10-34  m2kgs-1 
k Boltzmann constant 1.3806488×10-23  m2kgs-2K-1 
q or e Elementary charge 1.6021766208×10-19 C 
m0 Electron mass 9.10938215×10
-31 kg 
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